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Abstract 
Ecotoxicological studies are primarily conducted with single toxicant experiments. Natural ecosystems are 
however not exposed to single toxicants, but to a broad variety of anthropogenic and natural toxicants. Models 
which can predict the toxicity of mixtures of toxicants could be an important tool for use in risk assessment. 
The present study was conducted to investigate whether joint effects of three toxicants are predictable on 
the basis of single substance toxicity. Concentration Addition (CA) and Independent Action (IA), which as-
sume that the toxicants have similar and dissimilar modes of action respectively, are generally accepted as 
reference models for the prediction of mixture toxicity. We investigated whether these models could predict 
the toxicity of three chemicals tested singly and in binary and ternary mixtures. Two insecticides (dimethoate 
and pirimicarb) with a similar mode of action (inhibition of acetylcholinesterase) and the detergent linear 
alkylbenzene sulphonate (LAS) with a different mode of action (interacts with plasma membrane) were used 
for this purpose. Mixtures were tested as fractions of equivalent effect concentrations in accordance with the 
isobolographic method. We hypothesized that, due to interaction with the plasma membrane, LAS would in-
fluence the permeability of the plasma membrane and thus facilitate the uptake of the insecticides resulting 
in increased toxicity yielding a synergistic effect. The isobole method provides important information about 
interactions among toxicants in mixtures and can detect antagonistic or synergistic effects. All experiments 
were conducted with the Cladoceran Daphnia magna in the OECD standardized Acute Immobilisation Test 
(48h.). Isoeffective concentrations were determined at the toxicants’ individual EC
50
. To test whether mixture 
toxicity studies conducted at high toxicant concentrations can be used to predict mixture toxicity at lower con-
centrations the mixtures were evaluated at EC
10
 or EC
25
 as well as at EC
50
 using isobolograms. Binary mixtures 
in accordance with CA were tested statistically using a non-linear regression model which can describe devia-
tions from CA and provide a measure of the degree of synergism or antagonism. The results show that refe-
rence models (CA and IA) provide rather good estimates of mixture toxicity regardless of the modes of action. 
The IA results underestimated the ternary mixture of the three toxicants. However predictions were within a 
factor 2 of experimental results, which is likely to be acceptable in a risk assessment context. However several 
authors have shown that CA has the strongest predictive power and furthermore is known to be the more 
conservative of the two models. Thus, CA is recommended as a default reference model with regard to pre-
dicting mixture toxicity effects base d on single toxicity data. As expected the binary mixture of pirimicarb and 
dimethoate did not deviate from CA, hence no synergistic or antagonistic effects were observed. The binary 
mixture of LAS and the two pesticides appeared to be synergistic according to IA at the EC
50
-level, however 
at lower levels (EC
10
) the synergistic effect was diminished. These results are based on the assumption of IA 
(dissimilar mode of action). However the toxicants may not elicit a different mode of action at all times, since 
mode of action could change with varying exposure concentrations, and further research is needed to deter-
mine the relationship between mode of action and exposure concentration.
Furthermore, we conducted a chronic experiment (21d) in order to investigate the toxic effects of pirimicarb 
and dimethoate on different life-history traits of D. magna. Demographic effects were tested using a two-stage 
model to estimate population growth rates (�). A declining tendency was observed for � in D. magna exposed 
to dimethoate. However, the decline was not statistically significant. The elasticity analysis further revealed 
that � was most sensitive to time to first reproduction (tj). However this trait was not affected by dimethoate, 
which only affected number of offspring (n). The experiment with pirimicarb showed that � was not affected 
at the tested concentrations (0-2.22 µg/l).
Finally, we performed calorimetric measurements to study the toxic effect of pirimicarb and dimethoate on 
D. magna. The addition of the insecticides resulted in an initial increase in heat production followed by a 
reduction in the heat production of D. magna. We propose that the initial increase in heat production is due 
to the inhibition of acetylcholinesterase and subsequent accumulation of acetylcholine in the nerve synapses. 
This accumulation will result in excessive binding to and activation of postsynaptic cholinergic receptors. 
This convulsion will most likely contribute to the overall heat production. However the method measures an 
integrated sum of all heat producing processes in the organism. Hence any increase in metabolic rate due to 
detoxification could contribute to the overall heat production.
Keywords: Mixture toxicity, concentration addition, independent action, Daphnia magna, demographic analy-
sis, calorimetric measurements, dimethoate, pirimicarb, linear alkylbenzene sulphonate.
 
Resumé
Økotoksikologiske studier udføres hovedsageligt med eksperimenter, hvori der indgår et enkelt toksisk stof. 
Naturlige økosystemer er ikke udsat for ét toksisk stof alene, men for en bred vifte af miljøfremmede og 
naturlige toksiske stoffer. Modeller, som kan forudsige kombinationseffekter, vil være et vigtigt redskab i 
risikovurdering. 
Nærværende studie blev udført for at undersøge, hvorvidt kombinationseffekter af tre toksiske stoffer var forud-
sigelige på baggrund af toksiciteten af enkelte stoffer. Concentration addition (CA) og independent action (IA), 
som bygger på antagelsen om, at de toksiske stoffer har henholdsvis ens og forskellige virkningsmekanismer, er 
generelt accepteret som referencemodeller for forudsigelse af kombinationseffekter. Det blev undersøgt, hvor-
vidt disse modeller kunne forudsige toksiciteten af tre kemikalier, testet hver for sig og i binære og i trinære 
blandinger. To insekticider (dimethoat og pirimicarb) med samme virkningsmekanisme (bevirker hæmning 
af acetylcholinesterase) og lineær alkylbenzen sulfonat (LAS) med en anden virkningsmekanisme (interagerer 
med plasmamembranen) blev anvendt til formålet. Blandinger blev testet som isoeffektive koncentrationer i 
overensstemmelse med isobologrammetoden. På grund af interaktionen med plasmamembranen kan LAS in-
fluere på plasmamembranens permeabilitet og derfor lette optagelsen af insekticiderne, hvilket resulterer i øget 
toksicitet og dermed synergistisk effekt. Isobologrammetoden giver et betydeligt indblik i de toksiske stoffers 
interaktion og eventuelle antagonistiske og synergistiske effekter. Alle eksperimenter blev udført med Daphnia 
magna i den OECD-standardiserede test (Acute Immobilisation Test) (48h). Isoeffektive koncentrationer blev 
bestemt ved de toksiske stoffers individuelle EC
50
. For at teste om studiet af kombinationseffekter ved høj tok-
sisk koncentration kan anvendes til at forudsige kombinationseffekter ved lavere toksisk koncentration, blev 
blandingerne efterprøvet ved EC
10
 eller EC
25
 så vel som EC
50
 efter isobologrammetoden. Binære blandinger i 
overensstemmelse med CA blev testet statistisk ved brug af en nonlineær regressionsmodel, for at få et statistisk 
udtryk for en eventuel antagonistisk eller synergistisk effekt. 
Resultaterne viser at både CA og IA er gode referencemodeller til at beregne kombinationseffekter af binære 
blandinger uafhængig af virkningsmekanismer. Dog viste resultaterne at IA undervurderede kombinations-
effekten af de tre toksiske stoffer i trinær blanding. Alligevel var forudsigelsen inden for en faktor 2 i relation 
til de eksperimentelle resultater, hvilket må siges at være acceptabelt i en risikovurderings kontekst. Adskil-
lige forfattere har imidlertid påvist, at CA er bedst til at forudsige disse kombinationseffekter, og ydermere er 
den mest konservative af de to modeller. Af disse årsager er CA anbefalet som referencemodel med hensyn 
til at forudsige kombinationseffekter baseret på data af enkeltstoffers toksicitet. Som forventet afveg den 
binære blanding af primicarb og dimethoat ikke fra CA-isobolen, og derfor var der heller ikke en påviselig 
antagonistisk og synergistisk effekt. De binære blandinger af LAS og hhv. de to pesticider syntes ifølge IA 
at være synergistiske ved EC
50
-niveau, dog var den synergistiske effekt ved laver niveau (EC
10
) for dimethoat 
formindsket. De toksiske stoffer udviser imidlertid ikke til hver en tid samme virkningsmekanisme, eftersom 
disse mekanismer kan ændre sig ved varierende eksponeringskoncentrationer og -veje, og videre forskning er 
påkrævet for at bestemme disse virkningsmekanismer. 
Ydermere blev et kronisk eksperiment (21d) udført for at undersøge den toksiske effekt af pirimicarb og di-
methoate på forskellige populations karakteristika (life history traits) af D. magna. De demografiske effekter 
blev undersøgt ved brug af en model til at beregne populations vækst raten (λ). En faldende tendens for � blev 
observeret for D. Magna eksponeret for dimethoate. Faldet var dog ikke signifikant. Elasticitetsanalysen afslø-
rede endvidere, at λ var mest sensitiv over for tiden til første reproduktion (t
j
). Resultatet viste imidlertid, at 
dimethoate kun havde indvirkning på antallet af unger (n) og ikke på t
j
. Eksperimentet med pirimicarb viste, 
at λ ikke var påvirket ved de pågældende koncentrationer (0-2.22 µg/l).
Slutteligt blev kalorimetriske målinger foretaget for at undersøge den toksiske effekt af pirimicarb og dimet-
hoate på D. magna. Eksponeringen af insekticiderne resulterede i en umiddelbar stigning i varmeproduktion 
efterfulgt af en reduktion i varmeproduktionen af D. magna i forhold til kontrollen. Det er sandsynligt, at den 
stigende varmeproduktion skyldes en hæmning af acetylcholinesterase med akkumulering af acetylcholin i 
nervens synapser til følge. Denne akkumulation vil resultere i en særdeles kraftig binding og aktivering af 
postsynaptiske receptorer. Denne effekt vil højst sandsynligt bidrage til den samlede varmeproduktion. Meto-
den måler imidlertid en integreret sum af alle varmeproducerende processer i organismen, og bidraget til var-
meproduktionen kan ligeledes være et resultat af andre processer såsom detoksifikation af insekticiderne.
Nøgleord: Kombinationseffekter, Daphnia magna, demografiske analyser, kalorimetri, dimethoate, pirimic-
arb, lineær alkylbenzen sulfonat.
Preface 
The master thesis is written in collaboration with Henrik Pedersen and Kristian Syberg. The thesis is based 
on experimental work which was conducted at Roskilde University in the period March 2004 – April 2005, and 
presents an extended paper draft concerning mixture toxicity of the insecticides; pirimicarb and dimethoate 
and the anionic surfactant; linear alkylbenzene sulphonate (LAS) to the Cladoceran Daphnia magna. Further-
more, the paper also presents pilot studies on 1) how the pirimicarb and dimethoate influence the population 
dynamics of D. magna, 2) how these insecticides affect the overall metabolism of D. magna. 
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1 Introduction
Risk assessment of anthropogenic toxicants is pri-
marily derived from experiments conducted with 
single toxicants (ECB; 2003). However, toxicity in 
natural ecosystems does not result from single 
toxicant exposure, but is rather a result of expo-
sure to mixtures of toxicants. (Altenburger et al.; 
1996; Gardner et al.; 1998)
Due to this fact, mixture toxicity has been a sub-
ject of ecotoxicological interest for several decades 
(Hermens et al.; 1984; Altenburger et al.; 1996; 
Silva et al.; 2002; Backhaus et al.; 2003). 
Special emphasis has been on determining when 
synergistic effects can be expected (Berenbaum; 
1989; Jacobi et al.; 1996; Gardner et al.; 1998).
Several ecotoxicological challenges are important 
in a mixture toxicity context, and add to the com-
plexity in conducting risk assessment of mixtures. 
Questions regarding choice of endpoint, choice of 
assay and proper quantification of experimental 
results are all important in this regard.   
Finally there is the important question of whether 
knowledge from single toxicant experiments can 
be used to derive information about these toxi-
cants in mixtures. Such an approach would allow 
prediction of mixture toxicity on the basis of al-
ready available knowledge from experiments with 
single toxicants. 
In order to enable incorporation of mixture toxic-
ity in future risk assessment these questions need 
to be addressed. 
It is beyond scope of this thesis to give exhaustive 
answers to all of these questions. However, the 
experiments presented in this Master thesis aim 
towards shedding some light on these questions.
1.1 Modeling mixture toxicity
When working with mixture toxicity the most im-
portant questions that need to be answered are 
how mixture toxicity data should be interpreted 
and how they can be used in a predictive way. In 
order to both quantify results and use these re-
sults in a predictive way, mathematical models are 
often applied (Altenburger et al.; 1996)
Simplicity vs. goodness-of-fit
Applying models to complex ecotoxicological data 
is generally a trade off between simplifications, in 
order to quantify the experimental relationships, 
and applying additional parameters to the model, 
in order to make the description of the data more 
exact (Forster; 2000). In other words the essential 
challenge in model selection is to balance simpli-
city against goodness-of-fit. This type of trade off is 
essentially an implementation of Occam’s Razor, 
which states that “entities are not to be multiplied 
beyond necessity” (Forster; 2000).    
The task of model selection is not an easy one and 
is a scientific area of its own. Different models fall 
into two categories: Nested and non-nested models 
(Forster; 2000). Nested models are models which 
are based on the same theory. The more complex 
versions are merely an extension of the simpler 
version, where one or more additional parameters 
are added in order to increase the goodness-of-fit. 
Non-nested models are models that are based on 
different theories. 
For modelling our dose-response experiments we 
chose to follow the recommendations in the guide-
line to the Daphnia sp. reproduction test, in which 
the logistic model is recommended (OECD; 1998). 
The guideline recommends the simplest version 
of this model (two-parameter), but we chose to ap-
ply the four parameter version. This was done due 
to the nature of our data, which did not allow for a 
reduction of model parameters (see Methods). 
Mechanistic models 
The basic concepts on which understanding of 
ecological mixture toxicity is built upon have been 
adopted from pharmacology (Berenbaum; 1989). 
These concepts are based on an understanding of 
the biochemical mode of action of the toxicants. 
Basically mixtures of toxicants can be said to have 
a similar or dissimilar mode of action. Furthermo-
re the toxicants can interact with each other, and 
thus influence their respective modes of action, or 
work in a non-interactive way and thus have no in-
fluence on each other’s mode of action. This leads 
to four simple types of mixture toxicity effects:
- Non-interactive similar mode of action  
- Non-interactive dissimilar mode of action 
- Interactive similar mode of action  
- Interactive dissimilar mode of action
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From these simple assumptions several mechani-
stic models have been developed for similar and 
dissimilar acting toxicants respectively (Bliss; 
1939; Greco et al.; 1995). One common trait of 
these models is that they assume non-interaction 
as the default. Deviation from prediction is thus 
an indication of interaction (antagonistic or syner-
gistic effect for over-and under prediction respec-
tively).
Empirical models  
Empirical models are frequently used to deter-
mine whether a given mixture elicits antagonistic, 
additive or synergistic effect. Several different em-
pirical models have been used over the years. One 
popular method has been the effect summation 
(Pöch; 1991). The method is based on a simple 
design in which two or more toxicants are tested 
at one concentration singly and in mixture, and 
can be described mathematically for additive ef-
fects as:
E
A
 + E
B
 = E
AB 
(1)  
where: E
A
= The effect of a specific dose of chemi-
cal A, E
B
= The effect of a specific dose of chemical 
B and E
AB
= the effect of the two doses in combi-
nation. 
If E
AB
 is either higher or lower than E
A
 + E
B
 the 
combination is defined to be synergistic or anta-
gonistic respectively.
However, as (Kortenkamp and Altenburger; 1998) 
argue this only applies if the toxicants individual 
dose-response curves can be described with a li-
near function. In order to illustrate this they con-
ducted an experiment in which they estimated the 
combined effect of two toxicants for which they 
knew specific effect concentrations, and estimated 
the effect using effect summation. 
When applied together at the specific effect con-
centrations, the mixture yielded an effect greater 
than expected on the basis of the effect summati-
on estimation (fig 1a). Based on the effect summa-
tion assumption this result should be interpreted 
as synergy. 
However, by comparing this result with that of a 
theoretical mixture, consisting of toxicant A mixed 
with itself, they showed that this conclusion was 
inappropriate. They argued that if the DR-relati-
onship of the individual toxicant is best described 
with a sigmoid curve, the theoretical mixture of 
A combined with itself will yield a synergistic in-
teraction, when estimated with effect summation 
(fig 1b). 
 
a)
b)
Figure 1 a) The mixture effect of two toxicants appears to be 
synergistic when it is estimated with effect summation.
b) A theoretical mixture of toxicant A mixed with itself appears 
to give a synergistic effect compared to the effect estimated with 
effect summation. This illustrates why the method can only be 
applied to toxicants with a linear dose response relationship. 
(Kortenkamp and Altenburger; 1998)
This illustrates why effect summation can only be 
applied to a limited number of situations, where 
there is a constant ratio between exposure concen-
tration and effect throughout the entire DR-inter-
val. Such linear DR-relationships are the excepti-
on rather than the rule within (eco)toxicity where 
sigmoid DR-relationships are the most frequently 
observed (Bjerregaard; 1995). 
This example highlights the importance of testing 
mixtures and reference single toxicants at similar 
effect concentrations. If the mixture yields a toxi-
city effect on an entirely different part of the DR-
curve than the reference single toxicants, simply 
because the number of toxic molecules in the 
mixture experiments are greater than in the single 
toxicant experiments, it might lead to false con-
clusions regarding synergistic observations.
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1.2 The isobole method
One way to overcome this obstacle is to test mixtures 
and reference single toxicants at similar concentra-
tions. Such iso-effective concentrations are used in 
the isobole method, and make this method superior 
to the effect summation approach. Another impor-
tant trait which makes the isobole method superior 
to other methods is that it can be used to compare 
effects of toxicants with different DR-curves, where 
other models are designed to compare results with 
similar DR-curves (Berenbaum; 1989). For a review 
on the use of isoboles in mixture toxicity studies see 
(Kortenkamp and Altenburger; 1998). 
The isobole method is based on the following as-
sumption: If A and B are applied jointly their mix-
ture toxicity can be estimated by dividing the con-
centration of each toxicant in the mixture with the 
concentration of the toxicants applied singly that 
yields the same effect as the mixture. 
The method is valid for mixtures of any given num-
ber of toxicants but is described for a binary mixture 
in order to make it as simple as possible. An isobole 
is constructed from different dose-response curves 
describing the two toxicants (A and B) singly and 
in combinations at isoeffective concentrations.(see 
fig. 2). A strait line (additivity line) connecting a 
specific effect (e.g. the EC
50
) for each toxicant singly 
represent the combinations of A and B when the 
toxicants elicit an additive effect.
This relationship can be described mathematically 
for an additive mixture effect as:
 d
A
 
+
 d
B
 
= 1 (2)—
D
A
  
—
D
B
  
where: d
A
 and d
B
 = the dose of chemical A and B in 
the mixture which produces a given effect; D
A
 and 
D
B
 = the dose of chemical A and B in single toxi-
cant experiments which elicits the same effect as 
the mixture (Berenbaum; 1989; Kortenkamp and 
Altenburger; 1998). 
If the mixture (d
A
 + d
B
) yields an effect greater than 
the single toxicants (D
A
 + D
B
), the relationship can 
be illustrated as:
 d
A
 
+
 d
B
 
< 1 (3)—
D
A
  
—
D
B
  
and if the combination yields an effect less than the 
single toxicants the equation results in:
 
 d
A
 
+
 d
B
 
> 1 (4)—
D
A
  
—
D
B
  
which represents synergism and antagonism re-
spectively.
An example for two fictive toxicants is shown in 
text box 1. The relationship can be visualized for 
binary mixtures as shown in fig. 2
 
 
Phase 1
Phase 2
Fig 2 Conducting mixture toxicity studies using the isobole met-
hod, requires a two-phase experimental set-up. During the first 
phase single toxicant ECx values are estimated from dose-response 
experiments. These ECx values are subsequently converted to iso-
effective doses.
Secondly these converted ECx values are used to conduct mixture 
experiments at different mixture ratios (100:0, 75:25, 50:50, 
25:75, 0:100). (see method for a detailed description of the expe-
rimental setup). 
In binary mixtures the mixture effect can be visualized as shown 
in the figure. The straight line indicates an additive effect and a 
curve above or below this line indicates an antagonistic or synergi-
stic effect respectively. For further explanation see text. (Diagrams 
are modified from Kortenkamp and Altenburger; (1998))
The two-step model
One disadvantage with the isobole diagram showed 
in fig 2 is, that it is difficult to evaluate whether the 
isobole is statistically different from the additivity 
line. One approach recommended by some authors 
is to apply 95% confidence bands to the fitted isobo-
le in order to determine whether these confidence 
bands overlap with the additivity line (Kortenkamp 
and Altenburger; 1998).
We chose to apply an advanced isobole model to 
our data, which enabled us to make a statistical de-
termination of whether the experimental isobole 
deviated from an additivity isobole (Sørensen et al.; 
2005). The model is based on the following equa-
tions, in which equation (2) – (4) are incorporated 
into one equation, and extended with an extra pa-
rameter (∂)1. This parameter describes the isobole’s 
degree of concavity/convexivity.
1. The parameter (∂) is in the original reference denoted λ
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 1 1
 
–∂ –∂
  d
A
  
+
 d
B
 
= 1 (5)( —D
A 
)  ( —D
B 
)  
The above mentioned model enabled us to determi-
ne whether a fitted isobole is statistically different 
from an additivity isobole, based on the following 
assumption regarding the value of delta (∂): 
If ∂ = 1 equation (5) reduces to equation (2) and 
the mixture effect is best described by an additivity 
isobole.
If x denotes the first toxicant in a binary mixture, 
d
x
/D
x
 must > 1⁄2 if the mixture effect is antagoni-
stic. In this case 1/d must be < 1 in order to solve 
equation (5) and thus ∂ > 1. Synergistic effects can 
be described in the opposite way. 
Thus the value of d indicates which type of mixture 
effect a given combination yields:
- Antagonistic effect: ∂ > 1
- Additive effect: ∂ = 1
- Synergistic effect: ∂ < 1
In order to determine whether d deviates from 1, 
two regressions were made for each set of experi-
mental data. In accordance with the general prin-
ciple of model selection described earlier, the data 
were fitted to equations (2) and (5) respectively. De-
termination of which regression fitted the data best 
was subsequently evaluated with a t-test, as descri-
bed by Sørensen et al. (2005). If the more complex 
model (5) fitted the data significantly better than 
the simpler version (2) the mixture effect deviated 
from additivity (synergistic or antagonistic for ∂ < 1 
or >1 respectively). If the two models described the 
data equally well, the simpler model was chosen, 
yielding an additive effect.
The isobole method is based on the theory of con-
centration addition (which will be described later 
on in this introduction). However, Kortenkamp and 
Altenburger; (1998) used the method regardless of 
the knowledge of mode of action, even though it is 
a very important assumption for this method that 
it is only valid for toxicants with similar mode of 
action (Bliss; 1939). In order to identify whether a 
binary mixture of toxicants with dissimilar mode 
of action are additive, synergistic or antagonistic an 
additional isobole can be applied into the conven-
tional isobologram presented above. This isobole is 
based on the theory of independent action (IA).
Example of two toxicants applied jointly
If: Toxicant A has an EC
50
 of 10 and toxicant 
B has an EC
50
 of 100 when applied singly, and 
the two toxicants mixed yield an EC
50
 when ap-
plied at half of these doses (EC
50
: A = 5  B = 50), 
the type of mixture can be defined by applying 
these values to equation (2):
 5 
+
 50   
= 1—
10  
—
100  
Since the result equals one, the mixture can be 
said to have an additive effect.
If the mixture was twice as potent as the indivi-
dual toxicants the equation would yield:
25 
+
 25     
= 0.5—
10  
—
100  
which indicates a synergistic effect.
The isobole, is calculated from the effects of A (E
A
) 
and B (E
B
) of the toxicants tested singly. If A and B 
are applied jointly their mixture toxicity can be es-
timated by the following equation (6) (Pöch; 1993; 
Faust et al.; 2003). (The theory of IA will be descri-
bed in the following section along with the theory 
of CA).
E
A+B
 = E
A
 + E
B
 – E
A
 · E
B
 (6)
E
A
 and E
B
 represent the fractional effects (ranging 
from 0-1) caused by the individual toxicants A and 
B and E
A+B
 is the total effect of the mixture.
The equation can be rewritten as:
(1–E
A+B
) = (1–E
A
) x (1–E
B
) (7)
Equation (7) can be rewritten as:
(1–E
A
) = (1–E
A+B
) / (1–E
B
) (8)
From this equation the IA-isobole can be determi-
ned (see table 1)
(1-E
A
)  = (1-E
A+B
)/(1-E
B
) => E
A
E
B
1.0 0.5 0.5 0           (EC
0
) 0.50 (EC
50
)
0.833 0.5 0.6 0.167 (EC
16.7
) 0.40 (EC
40
)
0.714 0.5 0.7 0.286 (EC
28.6
) 0.30 (EC
30
)
0.625 0.5 0.8 0.375 (EC
37.5
) 0.20 (EC
20
)
0.555 0.5 0.9 0.445 (EC
44.5
) 0.10 (EC
10
)
0.5 0.5 1.0 0.50     (EC
50
) 0      (EC
0
)
Table 1 Calculation of the theoretical relationship between E
A 
and E
B
 using equation (8). The effects are calculated on the basis 
of EC
50
 for the mixture (1-E
A+B
 = 0.5)
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The IA-isobole can be visualized on the basis of the 
relationship given in table 1. (see fig 1)
For convenience the term “Loewe additivity” can 
be used to describe the isobole of concentration 
addition (CA) and “Bliss independence” can be 
used to describe the isobole of independent action 
(IA). Deviation from these isoboles can be charac-
terized as Loewe antagonism (∂ > 1) and Loewe 
synergism (∂ < 1) in regard to the CA-isobole and 
Bliss antagonism (i.e. when experimental data are 
positioned above the isobole) and Bliss synergism 
(i.e. when experimental data are positioned under 
the isobole) in regard to the IA-isobole (Greco et 
al.; 1995).
0
10
20
30
40
50
0 10 20 30 40 50
ECx  (A )
E
C
x 
(B
)
IA
CA
 Fig 3 Theoretical isobologram for a binary mixture. The dashed 
line indicates the isobole of IA and the solid line indicates the 
isobole of CA. Modified after Pöch et al (1990)
1.3 Mechanistic models
The isobole model is best qualified to identify 
whether the effects of binary mixtures are additive, 
synergistic or antagonistic. Prospective mechani-
stic models could however play an important role 
in the risk assessment of mixtures of toxicants. 
Since organisms in the environment are exposed 
to multi-component mixtures of up to thousands of 
toxicants, empirical evaluation is practically impos-
sible. For a simple mixture of 20 toxicants, there 
are 190 binary combinations and more than a mil-
lion possible combinations involving all possible 
combinations.(Lydy et al.; 2004). 
The ultimate goal for ecotoxicologists working with 
mixture toxicity, is therefore to derive reliable pre-
dictions of mixture toxicity from existing knowled-
ge on the toxicity of individual toxicants (Faust and 
Scholze; 2004). In order to make such predictions, 
mechanistic models could play an important role 
even though they are not ideal for determining the 
kind of mixture effects described earlier.
It is generally accepted that the mechanistic refe-
rence models, concentration addition (CA) (Loewe 
and Muischnek 1929) and independent action (IA) 
(Bliss; 1939), can predict mixture toxicity from 
known effects of the single compounds (Backhaus 
et al.; 2003; Jonker; 2003; Faust and Scholze; 2004)). 
CA compares relative toxicities, whereas IA compa-
res probabilities of response. In order to evaluate 
whether these models predict the toxicity of a mix-
ture with enough accuracy, it is therefore necessary 
to evaluate them with empirical results from mix-
tures including chemicals with similar and dissi-
milar mode of action respectively.
  
Toxic mode of action
In the current study three toxicants with known 
modes of action are used to evaluate CA and IA. 
Two insecticides (dimethoate and pirimicarb) with 
a similar mode of action, and one detergent (linear 
alkylbenzene sulphonate) with a mode of action 
that deviates from that of the two pesticides. 
Dimethoate and Pirimicarb
Knowledge of a chemical’s mode of toxic action is 
essential for understanding how mixtures may act 
jointly. For example, if two organophosphate insec-
ticides (OPs) are applied together, it is expected that 
they will both inhibit AChE, thus working jointly at 
the same receptor site, and that their effects would 
be additive.
Dimethoate is a pesticide belonging to the group 
of organophosphate insecticides (OPs). These com-
pounds inhibit the enzyme acetylcholinesterase 
(AChE), a key enzyme that hydrolyzes the neuro-
transmitter acetylcholine (Lundebye et al.; 1997). 
Inhibition of AChE results in the accumulation of 
acetylcholine and the over-stimulation of choliner-
gic receptors, which in turn over-stimulates neuro-
logical activity in the organism (Pope; 1999). Many 
other insecticides also exhibit neurological activity. 
Carbamates, (e.g. pirimicarb) are another class of 
insecticides that inhibit AChE, the same enzyme 
targeted by the OPs (Levitin and Cohen; 1998).
The additivity of acetylcholinesterase (AChE) inhi-
bitors has been shown with the ceriodaphnia Calo-
chlaenia. dubia dosed with the carbamate insectici-
de, carbofuran, and the OPs, methyl parathion and 
malathion (Norbergking et al.; 1991). Since both 
pirimicarb and dimethoate inhibit acetylcholine-
sterase they share the same target site and a similar 
mode of action. This means that the mixture effects 
of these pesticides should be predictable by CA.
LAS
Linear alkylbenzene sulphonate (LAS) is one of 
the most frequently used anionic surfactants. It 
is known to be toxic to aquatic organisms (Lewis; 
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1991; Kusk and Petersen; 1997; Tanaka and Naka-
nishi; 2001). Bjerregaard (2001) showed that ex-
posure to LAS resulted in a change in intracellu-
lar calcium due to a change in ion transport over 
the cell membrane. Another study showed that 
LAS might influence important osmoregulatory 
functions in fish by interacting with cell membra-
ne structures and thus inhibiting cell functions 
(Pareschi et al.; 1997). Additionally, it has been 
shown that LAS influence the permeability of the 
plasma membrane in fribroblasts so that un-dif-
fusible compounds could penetrate the mem-
brane (Bianchi and Fortunati; 1990). The effect 
of LAS is thus not as site specific as that of the 
insecticides described above and can by defined 
as dissimilar compared to the insecticides. Mixtu-
res of LAS and one of the insecticides should thus 
be predictable by IA. However substances that 
interact with the plasma membrane are known 
to facilitate trans-membrane transport of hydrop-
hobic substances and thus increase their toxicity, 
yielding a synergistic effect (Jacobi et al.; 1996).
Therefore a binary combination of LAS and one 
of the two pesticides should be predictable by IA, 
except if LAS facilitates and thereby increases the 
toxic effect of the pesticides resulting in a syner-
gistic effect. 
1.4 Concentration Addition and  
Independent Action
In this study we have used an experimental setup 
that enables us to compare the empirically obser-
ved mixture toxicity with the calculated effect using 
these models. CA and IA are based on different as-
sumptions and are developed separately. However, 
both models assume that the toxicants in the mix-
ture do not influence the toxicity of the other toxi-
cants in the mixture, and that the toxicants’ modes 
of action are known (Merino-Garcia et al.; 2003). 
CA applies to toxicants with a similar mode of acti-
on i.e. they act as if they share the same pathway to 
the site of action, affecting the same physiological 
system (Jonker; 2003). IA relates to mixture com-
ponents with dissimilar modes of action. However, 
the individual toxicants do not interfere with each 
other during exposure, uptake and toxic action 
(Jonker; 2003). 
Identifying the primary mode of action from mix-
ture toxicity DR data is not possible. The problem 
is that different toxic mechanisms can yield the 
same response patterns. Thus, a certain response 
pattern observed in the data cannot exclusively be 
assigned to a certain toxic mechanism (Andersen 
and Dennison; 2004).
  
Theory of Concentration addition (CA)
CA assumes that the toxicants in a mixture acts in a 
similar manner, in such a way that the effect can be 
kept constant when one toxicant is replaced with an 
iso-effective fraction of another toxicant.
 
There is widespread scientific consensus regarding 
the prediction of mixture toxicities for toxicants 
with similar action. CA is recognized as generally 
valid in this case. There exists, however, dispute in 
the understanding of “similar action” and further-
more how to use it for a predictive assessment. In 
the current ecotoxicological literature on mixture 
toxicity “similar action” is understood in differing 
ways. On one hand an identical molecular mecha-
nism of action at the same substructure of an spe-
cific receptor (Pöch; 1993) or at least a “same site 
of primary action” (Calamari and Vighi; 1992) is 
regarded as a necessary requirement for a similar 
action of two toxicants in a mixture. On the other 
hand a similar phenomenological mode of action 
(e.g. growth, reproduction or immobility) is taken 
as sufficient to expect similar action for mixture 
toxicities (Hermens et al.; 1984).
Several studies have validated CA. Silva et al. (2002) 
examined multi-component mixtures of xenoestro-
gens below its individual NOEC and EC1 level 
and used the two reference models (CA and IA) to 
predict the results. Experimental validation of the 
predictions revealed that CA was the most accu-
rate method for prediction of the mixtures’ effects. 
Furthermore they found that IA and effect sum-
mation led to clear underestimation of the mixture 
effects. Arrhenius et al. (2004) tested the mixture 
toxicity of 12 similar acting congeneric inhibitors 
of photosynthetic electron transport chain (PSII) 
in marine periphyton and epipsammon communi-
ties. Both CA and IA were tested. They found small 
deviations between observed and predicted mixture 
toxicity but CA predictions were most accurate. The 
same result was found in the prediction of joint al-
gal toxicity of multi-component s-triazine mixtures 
which also inhibit PSII. The prediction revealed 
that IA tended to underestimate the toxicity and 
CA provided highly accurate estimations (Faust et 
al.; 2001). A similar pattern was found in a study 
with 16 similarly and specifically acting toxicants 
(Altenburger et al.; 2000). However, Payne et al.; 
(2000) found a good agreement between predicted 
and observed mixture effects with both CA and IA. 
Theory of Independent action (IA)
For many toxicants in the aquatic environments 
existing evidence does not allow the use of CA as a 
reference model, since the individual compounds 
cannot be regarded as similar acting. For these, dis-
similar-acting compounds, IA is often considered 
as the proper reference model (Pöch; 1993). 
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Although Bliss introduced independent action into 
the pharmacological literature as early as 1939, few 
ecological studies have investigated the concept 
(Faust et al.; 2003). Independent action states that 
the mixture toxicity of dissimilar acting toxicants 
can be predicted from the fractional responses of 
the individual toxicants. (Backhaus et al.; 2003). 
Backhaus et al. (2004) evaluated both CA and IA 
in a study with six dissimilarly acting substances. 
As expected IA predicted the EC
50
-value accurately, 
whereas CA underestimated the observed EC
50
-va-
lue by a factor of 1.4.
A fundamental problem with IA is that the effects 
are calculated from observed effects of single toxi-
cants. Due to this condition, mixture toxicity pre-
dicted by IA does not include effects from toxicants 
at concentrations below the “No Observed Effect 
Concentration” (NOEC). CA is based on concentra-
tions of the toxicants, which means that toxicants 
below NOEC will add to the combined effects (Silva 
et al.; 2002). In a regulatory context this means that 
mixture effects for dissimilar-acting toxicants at 
low exposure levels cannot be addressed. However, 
for testing the hypothesis of IA this problem may 
be overcome by use of regression-based statistical 
estimates of low-effect concentration which are di-
scussed to replace the NOEC in risk assessment 
(Yanagawa et al.; 1994).
One aspect that complicates the use of either of 
these models is that few mixtures include toxicants 
with the same mode of toxic action. On the other 
hand few mixtures include toxicants that act com-
pletely independently. It has been suggested that 
the joint action of toxicants is a spectrum of inter-
actions with CA and IA as the extremes (Broderius 
and Kahl; 1985). There is no common consensus 
about whether CA or IA is the most appropriate for 
prediction of mixture toxicity, but CA is favored in 
ecotoxicology (Kortenkamp and Altenburger; 1998). 
However, it was shown that IA predicted the effects 
of independent-acting toxicants substantially better 
than the additive model (Backhaus et al.; 2000). 
Although the joint action of toxicants is often addi-
tive, there are many reports of less than and greater 
than additive toxicity. When interpreting mixture 
toxicity that deviates from the reference model pre-
dictions, it is important to understand the magni-
tude of the deviation.(Lydy et al.; 2004).
1.5 Calculating Concentration  
addition and Independent  
action
The following section describes the fundamental 
mathematics of CA and IA. Comprehension of these 
fundamentals is essential in order to conduct predic-
tive calculations of the mixture toxicities at hand. 
Concentration Addition (CA)
The concept of CA is usually defined for a binary 
mixture of substances A and B by the equation:
 c
A
  
+
 c
B
  
= 1 (9)—
EC
XA
  
—
EC
XB
  
However this equation can be extended to any 
number of n components as:
  c
i
    
= 1  (10)
n
∑
i=l
 
—
EC
Xi
  
In equation (9) and (10) c
i
 are the concentrations 
of toxicant i in the mixture (i = 1..n). EC
xi
 is the 
concentration of toxicant i which yields an effect x 
when applied alone. Each component contributes 
to the overall activity of the mixture. The quotients 
ci/EC
xi
 expresses the concentrations of the mixture 
components as fractions of iso-effective individual 
concentrations. 
Independent action (IA)
The alternative concept of IA is commonly defined 
for a binary mixture by the equation:
E
A+B
 = E
A
 + E
B
 – E
A
 · E
B
 (11)
If a concentration of toxicant A effects 25% of the 
test organisms and a concentration of compound B 
with a different mode of action also effects 25% of 
the test organisms, A and B combined would result 
in their individual effects added together (50% ef-
fect), taking into account that those organisms that 
respond to toxicant A cannot react to B as well. This 
product in the equation represents the proportion 
of test organisms in which sensitivities to the two 
toxicants overlap. The equation is inspired by the 
so-called “Abbott �s formula” which describes effec-
tiveness of a toxicant in the presence of a natural 
mortality source (Bliss; 1939). 
Equation (11) can be generalized for any number 
of mixture components as explained in Faust et al. 
(2003)
E(c
mix
) = 1 –
  
n
∏
i=l  
(1–E(c
i
)) (12)
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1.6 Test organism and  
choice of assay
Interpretation of a toxicant’s effect is closely cor-
related to the choice of test organism. Individual 
toxicants as well as mixtures of toxicants often yield 
different effects on different organisms. Due to 
this fact several types of organisms, representing 
different taxonomic groups are always used for risk 
assessments (ECB; 2003).
One of the organisms that is frequently used is the 
water flea Daphnia magna (Cladocera, Crustacea) 
(ECB; 2003). D. magna reproduce by cyclical parthe-
nogenesis, and are able to expand rapidly under 
optimal conditions (Olmstead and LeBlanc; 2001). 
Under such conditions the population consists en-
tirely of females, and D. magna reproduce asexually 
(parthenogenesis). Females produce batches of to 
3-5 juveniles every 4-6 day (OECD; 1998). The juve-
niles are bred in and hatch from the brood chamber 
on the dorsal side of the parent (see fig 4). 
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Fig 4 Drawing of D. magna’s anatomy . The thoracic appen-
dages are used for filter feeding and allow the animal to harvest 
very small food items such as bacteria. Offspring are hatched 
as juveniles from the brood chamber on the dorsal side during 
parthenogenesis.  
When conditions turn against the population 
(see fig. 5) males are produced along with fema-
les, probably due to hormonal changes (Olmstead 
and LeBlanc; 2001; Gyllstrom and Hansson; 2004). 
Subsequently production of resting eggs (ephippia) 
is initiated. These ephippia are fertilized sexually 
(Gyllstrom and Hansson; 2004). (see fig 6). 
This sexual reproduction ensures a genetic mixture 
which does not happen during clone production 
in the parthenogenetic cycle (Winsor and Innes; 
2002). Ephippia remain dormant until environ-
mental conditions favor the daphnids again.  
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Fig 5 Many different biotic and abiotic parameters influence the 
hormonal changes in D. magna, which lead to production of males 
and ephippia. (modified after (Gyllstrom and Hansson; 2004)
D. magna is an unselective filter feeder and preys 
on both phytoplankton and baterioplankton (Deg-
ans and De Meester; 2002). It feeds by filtering the 
water column with its thoracic appendages (see fig. 
4). Movement of the appendages creates a water 
current into the filter chamber that is formed by 
the carapace (Degans and De Meester; 2002). 
Since a very large amount of energy is bound in 
the phyto- and bacterioplankton communities, 
daphnids play an important role in energy transfer 
throughout the food chain, and thus constitute an 
essential part of temperate freshwater ecosystems 
(Christoffersen et al.; 1990).
Since D. magna is used frequently as a test orga-
nism it has been studied thoroughly (OECD; 1997). 
Furthermore, different standard test protocols have 
been made in order homogenize experimental 
conditions. This ensures that ecotoxicological tests 
with D. magna can be conducted in a reproducible 
way. The two most commonly used assays are the 
immobilization test (OECD; 2000) and the repro-
duction test (OECD; 1998; OECD; 2000). 
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Fig 6 Daphnia magna reproductive cycle. D. magna have a cycli-
cal parthenogenetic life cycle, in which they reproduce asexually 
(parthenogenesis) and sexually depending on surrounding con-
ditions. Sexual reproduction results in production of resting eggs 
(ephippia) which lie dormant during non-favourable periods 
(e.g. winter). Genes are mixed at sexual reproduction. (inspired 
by (Aparici et al.; 2002)). 
The immobilization test is constructed in such a 
way that ecotoxicological data can be produced over 
a short test period (48 h.). However, the short expo-
sure period in the immobilization test complicates 
extrapolation to effects under natural environmen-
tal conditions since high concentrations are ne-
eded to observe an effect. Due to this fact the 21 d. 
reproduction test has been designed. This assay is 
used to examine effects of toxicants on life-history 
traits. In this test reproduction is considered to be 
the most important endpoint in this test but other 
traits such as juvenile and adult survival and time 
to first brood and other reproductive patterns are 
measurable endpoints as well (OECD; 1998). One 
disadvantage of the reproduction test is that it is 
time and resource consuming to conduct. Not the 
least in a mixture toxicity context in which several 
DR-experiments are required to construct isobolo-
grams (see above and method).     
(Martínez-Jerónimo et al.; 2000) argued that several 
non-toxic parameters (e.g. density and food avai-
lability) influence the condition of D. magna, and 
might bias the interpretation of the toxic stress, 
even if experiments are conducted following the 
guideline recommendations regarding these para-
meters. (Darchambeau et al.; 2003) furthermore il-
lustrated that food quality and availability are extre-
mely important for growth of D. magna. Deviations 
of such parameters might result in fundamental 
biases that complicate comparison of inter-labora-
tory results. It is therefore important that deviati-
ons within the boundaries of the guideline frame 
do not lead to substantial biases.
 
1.7 From nominal data  
to toxic effect
The interpretation of actual toxicant exposure is 
another important parameter needed to quantify 
effects of toxicants. Several physical, chemical and 
biological parameters influence the actual exposu-
re concentration. Due to this it is important to mea-
sure the actual concentration in the test medium. 
This is typically done by chemical extraction and 
subsequent analytical quantification. However, this 
procedure does not account for variation between 
the laboratory and the environment.
The difference between nominal and actual ex-
posure concentrations is not the only parameter 
which complicates the interpretation of actual ex-
posure concentration. Toxicants work by binding to 
receptor sites, cellular - or sub-cellular structures. 
This is an important aspect in interpreting ecotoxi-
cological data in general and is extremely impor-
tant with regard to mixture toxicity since theories 
about mixture toxicity are based on an understan-
ding of mode of action (Bliss; 1939; Berenbaum; 
1989; FVD and MST; 2003). Even though experi-
mentally determined concentrations provide a bet-
ter estimate of actual exposure concentration than 
nominal data, they do not include any informa-
tion about exposure at the actual target site. This 
information is very difficult to measure and often 
requires experimental assays at the molecular level 
(e.g. Bjerregaard; 2001). Extrapolation from such 
assays to effects on whole organisms is not uncom-
plicated. Further extrapolation to population and 
ecosystem levels adds to the uncertainties of pre-
diction of toxic effect from laboratory experiments 
to ecosystem effects. 
1.8 Individual-level toxicity and 
ecological response
The most common procedure in risk assessment is 
to apply safety factors to data, obtained from such 
standardized test protocols as those described ear-
lier for daphnids, in order to assure the safety of 
populations in the field (Roex et al.; 2000; Forbes et 
al.; 2001). This application of safety factors implies 
a constant ratio between different extrapolation le-
vels i.e. acute to chronic extrapolation for different 
species and endpoints (Roex et al.; 2000). Such ex-
trapolations are a necessity when a limited amount 
of knowledge is available regarding the toxicity of 
a given toxicant. The need for safety factors, or at 
least their size, declines as knowledge about the 
toxicant is gained. One way to increase knowledge 
about a toxicant is to evaluate the toxic effect at the 
population level. This kind of knowledge can be 
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used to evaluate the use of different endpoints with 
regard to extrapolating from single endpoints to 
population responses (Forbes et al.; 2001).
We apply a mathematical model developed by Calow 
and Sibly (1990) to evaluate the population response 
of our test organism to dimethoate and pirimicarb. 
This model is designed to evaluate the influence of 
a given stressor on organisms that can be characte-
rized as having a two-stage life cycle (juvenile and 
adult life stages) (Calow and Sibly; 1990). This “two-
stage model” is constructed in order to relate me-
tabolic parameters such as metabolism and energy 
production with demographic parameters such as 
chance of survival, time between important life-hi-
story events and reproductive output (see fig 7).
    M         S   
 
A 
 
 
               t 
   PT 
                 n 
f 
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Fig. 7 Illustation of assimilated food (A) which is used for either 
metabolic energy less cost of production (M) or production plus me-
tabolic cost of production (PT). Energy used for these two metabolic 
processes controls the three types of demographic parameters: Pro-
portional survival (S), time between life-history events (e.g. birth 
and maturity) (t) and reproductive output (n). The metabolic and 
the demographic parameters are connected via a functional relati-
onship represented by some function, f. These relationships are the 
foundation of the two stage model (Calow and Sibly; 1990).
The model distinguishes between juvenile and 
adult life stages because organism sensitivity to a 
given stressor may vary markedly between juve-
niles and adults (Caswell; 1989). By applying the 
model it is possible to compute the influence of the 
stressor on population growth rate, and thus evalu-
ate the impact on the entire population (Calow and 
Sibly; 1990). In order to apply the two stage model, 
full life cycle experiments have to be conducted 
(Caswell; 1989). D. magna is an ideal organism for 
such experiments due to its rapid life cycle.  
1.9 Population growth rate
The aims of these experiments were to determine 
the influence of the toxicants on D. magna popula-
tion growth rate (λ). We applied a two-stage model 
to the data in order to determine λ (Calow and Si-
bly; 1990)
1 = nS
j
λ-tj + Saλta (13)
Where n = average number of offspring per brood, 
S
j
 = average proportion of juveniles surviving from 
birth to first breeding, t
j
 = average time to first 
reproduction in days, S
a
 = average proportion of 
adults surviving from one time unit to the next, 
and t
a
 = average time between broods. 
Elasticity
In order to determine the relative sensitivity of λ 
to the different life-history traits elasticity analyses 
were conducted in accordance with the procedure 
used by Forbes et al. (2001). The following equation 
was employed to determine elasticity:
 e
a
 = ( aλ ) · ( dλda )  (14)
 
where a = a life history trait, ea = elasticity of a, λ 
= population growth rate, and dλ/da = sensitivity 
of λ to a. 
The sensitivities of the five LHTs are calculated 
with the equations described in Forbes et al. (2001). 
For convenience and additional variable, T, is defi-
ned such that: 
T = S
j
t
j
 + S
a
t
a
λtj - ta  (15)
We applied the procedure used by Forbes et al. 
(2001) to determine the influence of a defined chan-
ge (10 %) in the individual LHT upon population 
growth rate. This elasticity analysis was preformed 
to explore whether effects on population growth 
rate would be under- or over-estimated from mea-
surements of effects on single LHTs  
In the current study we apply the two-stage model 
to experimental data obtained from the D. magna 
reproduction test, and compare the results with 
acute immobilization data. This comparison is 
conducted in order to evaluate the relationship bet-
ween acute individual-level toxicity and chronic po-
pulation-level toxicity. 
1.10 Aim of the study
 
The purpose of the present study was to investigate 
1) whether binary and ternary mixtures of pirimi-
carb, dimethoate and LAS educed antagonistic, 
additive or synergistic effects, 
2) the predictability of the mixture effects accord-
ing to the concepts of concentration addition 
(CA) and independent action (IA), 
3) how the population dynamics is influenced by 
varying concentrations of the two insecticides; 
pirimicarb and dimethoate, 
4) how the heat production (metabolic rate) is af-
fected by insecticide exposure.
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2 Method
This ecotoxicological study was primarily designed 
to evaluate the toxicity of two pesticides and one 
detergent, singly as well as in binary mixtures and 
in a complex mixture with all three chemicals. 
All experiments were preformed with the water flea 
Daphnia magna. The endpoint was immobilization 
after 48 h, as described in OECD Daphnia sp,. Im-
mobilization Test (OECD; 2000). 
Experiments were conducted in accordance with 
the guideline, with our own optimizing modifica-
tions. 
Chemical measurements were conducted in order 
to determine degradation and recovery of the three 
toxicants. 
Furthermore two experiments designed to deter-
mine the importance of amount of food available 
on reproductive capability of D. magna were con-
ducted.
In order to evaluate the acute immobilization end-
point, experiments with an alternative acute end-
point (metabolic heat production) were preformed 
with juvenile D. magna (>24 h.). 
Twenty one day life cycle experiments were con-
ducted with the three chemicals singly, in order to 
evaluate toxicity measured by different endpoints 
(acute and sub-chronic). All life cycle experiments 
were conducted with D. magna following the stan-
dard Daphnia sp. reproduction test (OECD; 1998). 
Finally predictions of mixture toxicity based on the 
two reference models (Concentration Addition and 
Independent Action) are shown.
2.1 D. magna culture 
The experiments were conducted with the Water 
flea Daphnia magna. 
From the initial specimens received from DHI - Wa-
ter and Environment, we bred a culture in our labo-
ratory at 19±1 °C under a light (16 hrs.) dark (8 hrs.) 
photoperiod. The light intensity was 15 µE�m-2�s-1 
(Hansatech, quantitherm light meter. Hansatech in-
struments LTD). 
Specimens were gradually acclimated to our test 
medium (Elendt M7 test media) over a 1 month 
period, as recommended in the OECD – guideline 
for Daphnia sp. reproduction test (OECD; 1998). 
According to the OECD Immobilization Test 
guideline fresh water from lakes etc. could be used 
(OECD; 2000). We used the Elendt M7 medium in 
all experiments because we wanted to conduct all 
experiments in the same medium. The use of a test 
medium ensured that we knew the exact content 
of chemicals in the experiments, which was impor-
tant because chemical interactions are an impor-
tant parameter in mixture toxicity studies. 
MilliQ-water was used throughout all experi-
ments. 
Furthermore we observed that breeding was opti-
mized when the culture was maintained in Elendt 
M7. (Our stock culture gave approximately 100 
offsprings/adult during the 21 d. experimental 
period (results not shown). The quality criteria in 
the OECD – guideline is min. 60 offsprings/adult) 
(OECD; 1998). 
Our culture was maintained in six aquaria of 3 l. 
each with approximately 30 specimens of D. mag-
na. This ensured that we had three aquaria with 
specimens between 14 d. and 1 month old at all 
times. D. magna have a reproduction peak during 
this part of their life cycle. 
Test specimens were taken from cultures that were 
older than 14 days to ensure that no first broods 
were used, in accordance with the OECD Guideline 
(OECD; 2000).  
   
2.2 Feeding of D. magna  
cultures 
The daphnid cultures were fed with the green al-
gae Pseudokirchneriella subcapitata, (which we 
also initially received from DHI - Water and Env-
ironment) every 12 h. during acclimatization and 
throughout the experimental period. Algae were 
continuously stirred with a magnetic rotator and 
connected to the aquaria with a peristaltic pump 
(OLE DICH, Hvidovre, Denmark). (see fig. 8)
Fig. 8. 6 channel Peristaltic pump used for periodically feeding of 
D. magna cultures. The cultures were fed twice every 24 h. 
The OECD guideline recommend that each 
daphnid is fed 0.1-0.2 mg C*d-1 (OECD; 1998). We 
fed our animals 0.3 mg C*d-1. 
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This procedure was chosen because an initial study 
showed that breeding was optimized when each 
specimen was fed 3 mg C*d-1 (see results).
 
We used the relationship between carbon content 
(Carlo Erba, EAN 1110 CHNS elemental-analyzer) 
and light absorbance (Perkin Elmer, Lambda II 
UV/VIS Spectrometer) at 440 nm to calculate the 
amount of algae added during feeding. This ensu-
red that the cultures were fed consistent amounts 
of carbon. 
2.3 Algae culture
The P. subcapitata cultures were kept in five 2 l. 
glass bottles and aerated continuously (see fig 9).
Fig 9 Picture showing growth of the algae (P. subcapitata) used 
as food source for the test animals. Algae were grown in 2 l. glass 
bottles in the medium recommended by the OECD Daphnia sp. 
reproduction test guideline, with some modifications (see text). 
The cultures were kept in our laboratory at 19±1 
°C under an 8 hr dark: 16 h light photoperiod with 
85 µE/m2/s. The algal cultures were grown in the 
medium recommended in the OECD Daphnia sp. 
reproduction test guideline (OECD; 1998) with a 
modification of the amount of macronutrients (N 
and P). The concentrations of the two macro nu-
trients were multiplied by five to optimize growth. 
This optimizing procedure was made due to our 
own observations (results not shown) and after 
consultation with Ole Kusk from DTU – Technical 
University of Denmark (Pers. comm. O. Kusk).
Algal cultures were renewed every week, and 
terminated algal cultures were centrifuged (Cen-
trikon T-42K, Kontron instruments) for 7 min at 
2000 rpm. The algae were placed in a refrigerator 
at 5°C and kept cool and dark until used.
2.4 Toxicants
The ecotoxicological studies were conducted with 
the two pesticides dimethoate (Pestinal®) and piri-
micarb (Pestinal®) and the detergent linear alkyl-
benzene sulphonate (LAS) (TEC Europe NV). (See 
fig 10) 
Name Formular Weight Chemical LOG K
ow
 T_ in CAS No.
  (g/mol) grade  water
Dimethoate C
5
H
12
NO
3
PS
2
 229.26 99.8%  0.7 20 d. 60-51-5
Pirimicarb C
11
H
18
N
4
O
2
 238.29 99.4% 1.7 23 d. 23103-98-2
LAS* C
12
H
25
C
6
H
4
SO
3
Na 348.48 62.0% –  042615-29-2
Fig 10 Chemical structure of the three toxicants used in our 
experiments (dimethoate, pirimicarb and linear alkylbenzene 
sulfonate). 
Furthermore tests with the reference chemical 
K
2
Cr
2
O
7
 (MERCK) were made periodically, in ac-
cordance with the guideline, to ensure that the test 
organisms were in a proper condition for the expe-
riments (see fig 11).   
Kaliumdikromat 24 h.
0 ,0
1 0 ,0
2 0 ,0
3 0 ,0
4 0 ,0
5 0 ,0
6 0 ,0
7 0 ,0
8 0 ,0
9 0 ,0
10 0 ,0
0 ,00 0 ,5 0 1 ,00 1 ,5 0 2 ,00 2 ,5 0 3 ,00 3 ,5 0
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%
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m
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Fig 11 Example of dose-response curve with K
2
Cr
2
O
7
 indicating 
the condition of our test culture. K
2
Cr
2
O
7
 tests were preformed 
periodically.  Error bars indicate ±SE.
The criterion in the OECD guideline is that EC
50
 should be fou-
nd in the exposure interval 0.6-1.7 mg /l. 
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2.5 Extraction and analysis of  
Pirimicarb and Dimethoate
Chemical analyses were performed to examine 
whether the nominal concentrations were in accor-
dance with actual exposure concentrations and to 
measure if any degradation of the toxicants occur-
red during the experimental period.
The test medium was contaminated by dissolving 
the pesticides in MilliQ-water. These stock soluti-
ons were treated with ultra sound (Branson 2510, 
VWR International) prior to test preparation to en-
sure that the pesticides were completely dissolved. 
Earlier observations indicated that the pesticides 
were not completely dissolved when stock soluti-
ons were not treated with ultra sound (results not 
shown).
The stock solutions were subsequently diluted to 
proper concentrations in test medium according to 
the selected dose-response intervals.
Chemical measurements were only performed in 
single toxicity experiments due. The GCMS met-
hod applied (see following section) did not allow 
measurements in the mixture toxicity experiments 
due to high variability in the concentrations of the 
two chemicals. 
Only the lowest and highest concentration in each 
dose-response experiment were analysed as descri-
bed in the OECD guideline. (OECD; 1998)
The pesticides were extracted from the water samples 
using solid phase extraction (SPE).For each sample, 
a 100 ml aliquot of water was extracted on OASIS ex-
traction cartridges containing a solid phase of 0.2 g. 
N-vinylpyrrolindane-divinylbenzene (Waters, HLB 
6cc, 0.2g). Prior to the extraction, the cartridges were 
washed with 5 ml methanol and 5 ml milliQ water. 
The cartridges were allowed to dry 1-2min at 20kPA 
vacuum using a manifold (Vacmaster, Waters) and 
vacuum pump (Millipore). 4µg of the internal stan-
dard (dimetilan; HPLC grade, 99.9%, PESTANAL) 
were added and the samples were mixed and allo-
wed to percolate through the cartridges at a flow-rate 
of 3 ml/min under vacuum. After sample extraction, 
the pesticides were eluted with 4 ml methanol and 
were evaporated under a gentle nitrogen flow. Sub-
sequently the sample was dissolved in 1 ml dich-
loromethane containing 2µg*ml-1 triphenyphosfate 
(Sigma-Aldrich) used as a recovery standard. Samp-
les were transferred to GS vials and stored at - 80°C 
until analysis.
2.6 Gas chromatographic  
analyses
Pesticide extracts were analysed using a Thermo 
Finnigan, Trace GC ultra, gas chromatography sy-
stem equipped with Trace DSQ mass spectrometer. 
Gas flow rate was 1.0 ml/min for helium. The GC 
column was a HP5 MS capillary column (60 m x 
0.25 mm i.d. x 0.25 µm film). One µl of the sample 
was injected, and the column was programmed 
from 70°C (2 min) to 315°C (6 min) at 20°C/min.
Quantification was performed using both internal 
and external standards and the samples were analy-
sed in duplicate from each extraction. Three extrac-
tions were performed for each concentration. The 
detection limit for dimethoate was < 0.6 µg*ml-1 
and for pirimicarb < 0.06 µg*ml-1. 
2.7 LAS
LAS was dissolved in Elendt M7 medium prior 
to experimental initiation. The stock solution was 
subsequently diluted to produce the concentrations 
for the selected dose-response interval.
Upon termination 100 ml. of test medium from 
the lowest and highest concentrations in the expe-
riment was collected. 
The toxicant was extracted from the samples in ch-
loroform and dyed with methyl blue as described 
by (DS-237; 1976) (see fig 12). 
Fig. 12 LAS was extracted from test medium following the DS-
protocol, in which the detergent is dyed with methyl blue and 
extracted in chloroform. 
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The dyed LAS content was measured in a spectro-
meter (Spectronic 601, Milton Roy Company).
2.8 Acute toxicity;  
singly and in mixtures
All experiments were preformed as described in 
OECD Daphnia sp,. Immobilization Test (OECD; 
2000). 
All Daphnids used in the experiments were juveni-
les aged < 24 h. No specimens from the first broods 
were used. 
The immobilization was recorded after 48h. We de-
fined immobility as animals not being able to lift 
themselves from the bottom of the test containers 
within 15 seconds after a gentle agitation of the 
glass container.
Specimens were starved throughout the experi-
mental period.
The toxicities of the three toxicants were tested 
both separately and in binary mixtures. All experi-
ments were conducted in 100 ml. glass containers 
with 5 specimens in each container (see fig. 13). 
Each container was filled with 50ml test medium. 
All solutions were diluted in Elendt M7.
Fig 13 All experiments were conducted in 100 ml. glass contai-
ners with five specimens in each container. Experiments were 
conducted under a 16 h light:8 h dark photoperiod.
The containers were marked and placed randomly 
under a light source, and exposed to the same light:
dark photoperiod as the cultures.
This procedure was applied due to earlier observati-
ons which indicated that light intensity influenced 
the reproduction of D. magna (results not shown). 
Both single and mixture toxicity were examined 
with a dose-response (DR) experimental setup. 
Firstly DR experiments with single substances 
were conducted, in order to determine the proper 
DR interval and EC
50
 values. Potassium dichroma-
te (K
2
Cr
2
O
7
) was used as a reference substance in 
order to test the reliability of the determined EC
50 
values (see fig 11). 
Ten concentrations were used in each dose-respon-
se experiment. A separation factor was applied in 
each experiment to ensure that the concentration 
intervals were broad enough to include both 0 and 
100% effects. Separation factors never exceed a fac-
tor of 2 in accordance with the reproductive guide-
line (OECD; 1998). Each experiment was condu-
cted with 5 replicates at each concentration and 10 
replicates in the control group.
Determination of EC
50
-values
In order to determine EC
50
-values, single toxicant 
DR-curves were fitted to a log-logistic equation. 
This equation is recommended in the guideline 
(OECD; 1998). The four-parameter logistic func-
tion is given by the equation:
ƒ(x) = c + 
d – c
 
 
1 + exp {b(log(x) – log (e))}
 
(16)  
 
where d = upper limit, c = lower limit, b = hill slope 
and e = EC
50
 value of the doses-response curve.
   
Single toxicity experiments were reproduced once 
in order to determine the reliability of the experi-
mentally determined EC
50
-values.
For the analyses of mixture toxicities, a fixed ratio 
design was used. The mixture ratios were kept con-
stant based on the relationship between single toxi-
cant EC
50
-values. 
The concentration intervals for mixture experi-
ments were determined by dividing with the sepa-
ration factor until concentrations representing the 
entire DR-interval were obtained. The experiments 
were designed to allow a reliable estimation of all 
stages of the sigmoid curve including several data 
points on the steepest part of the slope analogous 
to the single substances experiment. 
The compounds were mixed in five ratios (0:100, 
25:75, 50:50, 75:25 and 100:0) all based on the sing-
le toxicant EC
50
-values, giving a total of 260 glass 
containers with 5 specimens in each. 
The separation factor did not exceed a factor of 3.2 
in any of the mixture toxicity experiments.
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2.9 Calorimetric Assay
The metabolic heat production of D. magna was 
measured with a twin-channel heat conduction type 
microcalorimeter (the Thermometric 2277 Thermal 
Activity Monitor, TAM). Both channels contained a 
measuring and a reference ampule. The ampules 
were sealed with a disposable teflon disc. The heat 
output signal was recorded on a computer by Digi-
tam software connected to the TAM system’s data 
acquisition module. This calorimetric method me-
asures the integrated sum of all enthalpy changes 
occurring in biological processes independently of 
the function and origin of the processes.
Fifly  juvenile (<24h) D. magna were transferred 
to a 4.6 cm3 stainless steel measuring ampule con-
taining 3.5 ml of air-saturated artificial fresh water 
(Elendt M7). The reference ampule contained 3.5 
ml milliQ water. A baseline was measured both 
before and after the metabolic rate determination. 
Subsequent to the metabolic measurements the 
specimens were removed from the calorimeter 
ampule in order to measure any heat contribution 
from bacteria. 
The experimental temperature was constant at 
18°C in the calorimeter throughout the entire ex-
perimental period.
Since two individual measurements could be con-
ducted simultaneously, exposed individuals were 
tested at the same time as the unexposed control 
specimens. 
The specimens were exposed directly in the am-
pules. A 1 h. period for thermal equilibration was 
allowed after the ampule was lowered into the calo-
rimeter. The power signal (µW, µJ/s) was recorded 
for approximately 24 h (22-24h). The total exposure 
time was thus estimated as exposure time plus one 
hour. After each measurement specimens were 
gently blotted dry on Kleenex tissue and weighed to 
the nearest 0.1 mg to determine wet weight (WW). 
For chemical calibration the calorimeter was equip-
ped with open microreaction ampules which enab-
led injection of propanol into the ampule containing 
milliQ water (see fig 14). This chemical reaction is 
well examined and since the heat of this reaction is 
known, it used to calibrate the calorimeter.
Fig 14 Thermal activity monitor 2277 (TAM) used for calorime-
tric measurements.
Simultaneously with the metabolic heat measure-
ments, experiments were conducted to measure oxy-
gen consumption of the specimens in 4.5 ml glass 
bottles containing 50 juveniles from the same culture 
and 3.5 ml of air-saturated artificial fresh water. 
Only oxygen consumption of non-exposed speci-
mens was measured. The glass bottles were clo-
sed with a lid containing a permeable membrane 
enabling injection of a micro-oxygen electrode 
(Unisense OX100) connected to a high sensitivity 
picoammeter (Unisense PA2000) which simulta-
neously prevented oxygen diffusion from the sur-
roundings. 
Oxygen calibration was conducted with oxygen-sa-
turated and oxygen-depleted (with nitrogen) fresh 
water respectively. The solubility of oxygen in fresh 
water at 18°C is 295.6µmol/l and there is a linear 
correlation between the Pico ampere measured and 
the oxygen content of the water. Both the calorime-
tric and the oxygen measurements were conducted 
in the dark and no food was supplied.  
2.10 Population dynamics  
experiments
In order to determine population dynamics, experi-
ments were conducted following the 21 d. Daphnia 
sp. assay (OECD; 1998). Experiments were initiated 
with juvenile D. magna (< 24 h.) in accordance with 
the OECD guideline. 
Prior to experimental initiation, several pilot expe-
riments were conducted to determine the proper 
DR-interval for the individual chemicals. 
Fifteen specimens were exposed at each of seven 
sublethal concentrations, namely 60, 70, 80, 90, 100 
and 110 µg*l-1 for dimethoate and 0.89, 1.22, 1.67, 
2.22 µg*l-1 for pirimicarb. No population dynamics 
experiment was preformed for LAS, even though a 
pilot reproduction experiment was conducted. 
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A total of 120 specimens was used in each experi-
ment, including 15 controls.
 
Each specimen was kept in a separate glass contai-
ner (100 ml) in Elendt M7 medium for the duration 
of the experimental period. Medium was renewed 
three times a week in order to ensure optimal con-
ditions for the test specimens and constant expo-
sure concentrations.
Experiments were preformed under the same tem-
perature and light:dark photoperiod as the cultu-
res.
Specimens were fed an amount of algae equal to 
0.3 mg.C*d-1 during medium renewal in order to 
ensure optimal conditions, in accordance with the 
preliminary feeding experiments conducted (see 
results).
An initial study showed that reproduction did not 
differ between specimens fed once a day and speci-
mens fed at medium renewal (results not shown).
Experiments were conducted as DR-experiments, 
and data regarding all five endpoints (see below) 
were collected at the same time interval as for me-
dium renewal. 
Life history traits
Data from five endpoints, which represent impor-
tant life-history traits (LHT), were obtained in order 
to determine population growth rate, as described 
by Calow and Sibly (1990). (see introduction)
The five endpoints are as follows: 
Reproduction. We determined reproductive output 
by calculating the number juveniles produced by 
each adult every third day. A plankton spoon was 
used to handle both adults and juveniles. 
Juvenile survival. This LHT was determined by mo-
nitoring the number of specimens that died before 
their first reproduction. After first reproduction 
specimens were considered adults.
Adult survival. The adult survivorships were deter-
mined by calculating the number of specimens that 
died within the experimental period, after reaching 
maturity.
Time to first reproduction. The age at which the first 
brood was produced was used as an indicator of 
this trait.. 
Reproductive interval. The average time interval bet-
ween broods was used as a measure of time bet-
ween reproduction events.  
 
2.11 Statistical analyses
Description of the statistical analyses, is regarding 
the mixture toxicity data and the second regarding 
the data produced during the life-history experi-
ments.
F-tests were applied to all binary mixture toxicity 
data to test whether regression lines fitted with 
non-restricted δ were statistically different from re-
gressions fitted with fixed δ�=1 
All individual life history traits were analyzed with 
one-way ANOVA. Tukey-HSD tests were performed 
between pairs when ANOVAs were significant. The 
data were initially analyzed by the Bartlett’s test for 
homogeneity of variance. If the data was not homo-
genous, the Kruskal-Wallis test was applied (signi-
ficance level: 5%)
  
3 Results
3.1 Single substance toxicity
Clear sigmoid dose-response (DR) relationships 
were observed for all single toxicant treatments. 
All DR-relationships spanned from 0-100% effects. 
The immobilisation responses of D. magna expo-
sed to dimethoate (DIM), pirimicarb (PIR) and LAS 
were fitted to a log-logistic function (see method). 
All regressions were made from nominal exposure 
concentrations. 
No significant asymmetries were observed in any 
experiments even though D. magna showed a 
slightly different response to the three chemicals. 
The steepness of the different DR-relationships 
was in the order DIM>PIM>LAS (fig. 15).
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Fig 15 Dose-response (DR) relationships for D. magna exposed 
to dimethoate (DIM), pirimicarb (PIR) and linear alkylbenze-
ne sulphonate (LAS) respectively. Experiments were reproduced 
once in order to verify the DR-relationship.
Each DR-experiment was repeated in order to eva-
luate the reliability of the individual experiments. 
EC
50
-values used in mixture toxicity experiments 
were estimated as a geometric mean of the diffe-
rent DR experiments (table 2).
 
 Dimethoate Pirimicarb LAS
EC
50
 2.19 17.84 3.09
95% CL ±0.15 ±0.46 ±0.45
EC
50
 2.41 20.28 4.05
95% CL ±0.11 ±0.65 ±0.47
GM 2.29 19.02 3.54
Table 2 EC
50
, 95% confidence intervals (95% CI) and geome-
tric means (GMs) estimated from the different DR-experiments. 
GMs were subsequently used to determine mixture ratios in mix-
ture toxicity experiments.
3.2 Mixture toxicity
The binary mixtures and the ternary mixture were 
composed in isoeffective concentrations and mix-
ture DR-intervals were constructed in accordance 
with the isobolographic method (see method). 
3.3 Binary mixtures
A small correlation between increasing exposure 
concentrations and declining �, in treatments with 
DIM and PIR were observed. This indicates that 
mixture toxicity approached additivity as exposure 
concentration declined. However, the change in δ� 
did not alter the mixture toxicity between the two 
exposure concentrations, since mixture toxicity of 
DIM and PIR could be described as additive for 
both high and low exposure concentrations (p = 
0.51 and p = 0.87 for EC
50
 and EC
10
 respectively). 
(see fig. 16).
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Fig 16 Isobolograms for dimethoate and pirimicarb mixtures at 
EC
50
 (above) and EC
10
 (below). Both mixtures show an additive 
effect (� = 0.86 ± 0.11 and 0.97 ± 0.11 for EC
50
 and EC
10
 respec-
tively ± SE). The higher � in the EC
10
 isobole indicates that lower 
concentrations lead towards more additivity. Half lines represent 
DR-curves from individual mixture experiments. Error bars in-
dicates SE and are plotted along half lines.
Results from binary experiments with PIR and 
LAS showed a different mixture toxicity tendency 
than the DIM/PIR-mixture. 
The PIR/LAS mixture showed an additive relati-
onship (Loewe additivity) at EC
50
 concentration (p 
= 0,21). However, � increased as exposure concen-
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trations decreased, indicating that the toxicity of 
PIR/LAS-mixtures appears to be antagonistic at lo-
wer concentrations. The EC
10
-treatment indicated 
that the mixture effect could be antagonistic, with 
a borderline interval of the p-value (0,02 and 0,14 
for the lower and upper limit respectively). When 
comparing with the isobole of independent action 
(Bliss independence) the results indicates that the 
effect seemed to be synergistic at EC
50
-level, since 
the IA-isobole is situated well above the experimen-
tally determined toxicity of the mixture. At EC
10
-
level the mixture approximates the IA-isobole and 
the possible synergistic according to Bliss indepen-
dence is therefore reduced. (Note that the two-step 
model does not allow a statistical comparison with 
IA) (see fig. 17)
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Fig. 17 The diagrams show the isobologram for Pirimicarb and 
LAS mixtures at EC
50
 (above) and EC
10
 (below). Both mixtures 
shows tendency towards antagonistic effects (� = 0.71 ± 0.1 and 
0,31 ± 0.19 for EC
50
 and EC
10
 respectively ± SE) according to 
Loewe additivity isobole (solid line). The tendency is strongest 
at the lower exposure concentration. The dashed line indicates 
the isobole according to independent action (Bliss independence) 
Error bars indicate SE and are plotted along the half lines which 
represent individual DR-curves. 
The third binary mixture (DIM/LAS) showed yet 
another correlation between mixture effect and ex-
posure concentration. However, even though the 
curve changed from concave to convex between the 
two treatments, indicating a change from synergi-
stic towards antagonistic as concentration decre-
ased, both treatments showed no significant devia-
tion from Loewe additivity (p = 0.80 and p = 0.87 
for both EC
50
 and EC
25
 respectively). The change in 
curve shape is probably due to the fact that indivi-
dual EC-concentrations lie scattered on each side of 
the additivity isobole. (see fig 18). Comparing these 
results with the IA-isobole, the mixture appear to 
show Bliss synergy at both effect concentrations 
(EC
50
 and EC
10
).
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Fig 18 Isobolograms for dimethoate and LAS mixtures at EC
50
 
(above) and EC
25
 (below). Even though the concavity of the iso-
bole changes between the two treatments, both mixtures show 
an additive effect (� = 1.10 ± 0.22 and = 0.90 ± 0.36 for EC
50 
and EC
25
 respectively ± SE) according to Loewe additivity isobole 
(solid line). The dashed line indicates the isobole according to in-
dependent action (Bliss independence). Half lines represent DR-
curves from individual mixture experiments. Error bars indicate 
SE and are plotted along dashed lines.
Within all three binary mixtures it was a common 
tendency that uncertainties were larger in the low 
concentration experiments, hence the larger error 
bars in the low concentration treatments. This in-
dicates that results at higher exposure concentrati-
ons (EC
50
-level) were more robust, from a statistical 
point of view. However the data were very homo-
genous within the individual DR-experiments. 
This enabled us to interpolate EC
10
-values, as used 
in fig 16 – 17 and to EC
25
 in fig. 18. 
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3.4 Predictability of  
mixture toxicity
As previously described the dose-response curves 
for all three binary mixtures and single compounds 
were determined. Using these experiments as refe-
rences, calculation of concentration addition (CA) 
and independent action (IA) were possible. 
The results of the calculations of the binary mix-
tures and ternary mixture are visualized in fig. 19 
by plotting the original experimental data and the 
dose-response curves according to CA and IA. The 
experimental data and the predictive dose-response 
curves are based on nominal concentrations. Both 
the binary and ternary predictions resulted in small 
differences from the experimentally determined 
EC
50
 and EC
10
 values. Table 3 shows the differences 
between CA, IA and the experimentally determined 
EC values. These results reveal small differences 
among measured and predicted EC values for the 
binary mixtures and ternary mixture. However, in 
the ternary experiment IA prediction deviates from 
the other results by underestimating the effect by 
a factor 1.5 and 1.9 for EC
50
 and EC
10
 respectively. 
In the binary mixtures the underestimation did not 
exceed a factor 1.1 in any of the CA or IA predicti-
ons.     
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Fig 19 Experimentally determined toxicity of binary mixtures 
and ternary mixture. The toxicants were mixed in the ratio of 
their individual 50% effective concentration values. The solid 
line indicates the predicted mixture toxicity according to inde-
pendent action and the dashed line indicates the predicted mix-
ture toxicity according to concentration addition. 
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Table 3 Experimental estimations of EC
10
, EC
50 
and EC
90
 values 
for the three toxicants. Furthermore predictions of the same EC-
values based on CA and IA are shown. The predictive under- and 
overestimation of the two methods as well as the IA/CA-ratio 
are shown.
3.5 Nominal vs. measured  
effect concentrations
Measured concentrations of the three toxicants indi-
cated some heterogeneity in the relationship between 
different nominal and measured concentrations.
For dimethoate a close relationship between no-
minal and measured values was observed, as indi-
cated by the similarity of the two curves (see fig 20; 
top left).
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Fig 20 DR curves for dimethoate (top left), pirimicarb (top right) 
and LAS (bottom left) fitted from nominal and measured data 
respectively. 
Data points represent nominal data. All curves are fitted with a 
three-parameter logistic model.  
The effect concentrations determined from the 
measured concentrations are lower than the nomi-
nally- based effect concentrations for both pirimi-
carb and LAS. This illustrates a lower recovery of 
these two toxicants. The recovery is calculated as 
the difference between the nominal concentration 
and the measured concentration at initiation of the 
experiment (0h). The degradation is calculated as 
the difference between the measured concentrati-
ons at initiation and termination (48h). The mea-
sured effect concentrations are determined from 
the average of the concentration at initiation and 
termination. LAS was degraded much faster than 
dimethoate and pirimicarb, for which no degradati-
on was observed, indicating that LAS was the least 
persistent of the three (see table 4).
 Nominal Measured Degradation
 EC
50
 EC
50 
(%)
Dimethoate (mg/l) 1.04±0.03 0.88±0.03 nd*
Pirimicarb (µg/l) 17.61±0.41 10.92±0.26 nd*
LAS (mg/l) 5.24±0.14 3.52±0.10 12.7
* Non detectable
Table 4 EC
50
-values based on nominal and measured data re-
spectively. Values are shown with SE.  
Mixture EC
x
 Predicted Experimantal Predicted  CA   IA  Ratio
  by CA EC
50
-values by IA Underest. Overest. Underest. Overest. IA/CA
dimethoate/ 10 10.8 9.9 11.1 1.1  1.1  1.0
pirimicarb 50 14.3 16.1 13.5  1.1  1.2 0.9
pirimicarb/ 10 8.3 12.8 11.5  1.5  1.1 1.4
LAS 50 16.8 19.2 18.1  1.1  1.1 1.1
dimethoate/ 10 0.9 1.6 0.9  1.7  1.7 1.0
LAS 50 1.9 1.9 1.5 1.0   1.3 0.8
dimethoate/ 10 13.9 12.3 23.2 1.1  1.9  1.7
pirimicarb/ 50 18.4 18.9 28.6  1.0 1.5  1.6
LAS
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Due to the heterogeneity among measured and 
nominal data, the measured EC
50
-values represent 
85%, 62% and 67% of nominal EC
50
-values for di-
methoate, pirimicarb and LAS respectively.
3.6 Calorimetric experiments
Metabolic heat production of D. magna was deter-
mined by a calorimetric assay at two different expo-
sure concentrations of both pirimicarb and dimet-
hoate. The results of these experiments should be 
regarded as a pilot study which also explains the 
difference among numbers of replicates.
Figure 21 shows that heat flow initially increases 
with exposure to both concentrations of pirimicarb 
compared to the control. Exposure to pirimicarb at 
10µg/l resulted in an increased heat flow throug-
hout the experimental period of approximately 24h. 
(It should be noted that the daphnids was exposed 
for 1 hour prior to the measurements). 
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Fig 21 Measurement of the heat production of Daphnia magna 
exposed to pirimicarb. Duplicate experiments were performed 
for each exposure treatment and triplicate experiments for the 
control. 
Even though heat flow was increased compared to 
the control it only increased during the first 7 h. 
with a subsequent decrease in heat flow. At the end 
of the experiment the heat flow was approximately 
1.5 times higher than in the control and the immo-
bility at termination was recorded to be 12%. 
Furthermore figure 21 shows that by increasing 
the concentration of pirimicarb (20µg/l) the initial 
heat flow still increased but to a lesser extent. After 
approximately 6 hours heat flow decreased, and at 
the end of the experimental period heat flow was 
approximately 50% lower than heat flow in the con-
trol. The immobility increased in the highest con-
centration to 83%.
The heat flow pattern of D. magna exposed to di-
methoate was similar to the experiment with piri-
micarb. 
Figure 22 shows that the heat flow in response to 
dimethoate exposure initially increased, and that 
the highest increase was observed in the lowest 
exposure concentration. The heat flow started to 
decrease after 5 hours (high concentration; 3mg/l) 
and 8 hours (low concentration; 2mg/l). At the end 
of the exposure time the highest concentration of 
dimethoate resulted in 100% immobility and the 
heat flow was below 1µW*mg-1 WW which is the 
detection limit of the TAM. The lowest concentra-
tion caused an immobility of 96% and the heat flow 
was 11 times lower compared to the heat flow of 
the control at termination.
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Fig 22 Measurement of the heat production of Daphnia magna 
exposed to dimethoate. Triplicate experiments were performed in 
the control group. Only single experiments were performed for 
each exposure treatment
The control in figure 21 and 22 are the same and 
showed a weak decline throughout the experimen-
tal period. Upon experimental termination heat 
flow had declined by 13 %, compared to heat flow 
at experimental initiation. No immobility was ob-
served in the control during the experiment.
3.7 Population dynamics
Population dynamics were estimated for D. magna 
exposed to dimethoate and pirimicarb singly, over 
a 21 d. period. 
A pilot study was conducted with LAS but since 
this experiment included no replicates, population 
dynamics could not be estimated for this third ex-
periment.
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Dimethoate
Number of offspring (n)
The control group produced an average of 115.4 
offspring/adult during the 21d. experimental pe-
riod. The average number of juveniles produced pr. 
brood (n) in controls was 35.03 ± 1.42. 
D. magna exposed to 110 µg dimethoate*l-1 pro-
duced 24.60 ± 1.63, which was significantly lower 
than the control (see table 5). Dimethoate seemed 
to influence production of offspring at 90 and 100 
µg. Dimethoate*l-1 but these changes were not sig-
nificant.
Time to first reproduction (t
j
)
Time to first reproduction (t
j
) was significantly de-
creased when test specimens were exposed to 60 
and 80 µg dimethoate*l-1 compared to non-exposed 
specimens (see table 5). Even though specimens 
exposed to 70 and 90 µg dimethoate*l-1 did not de-
crease t
j
 there seemed to be a trend with a decre-
ase in t
j
 at lower concentrations (60-90 µg/l) and 
a prolongation of tj at the higher concentrations 
(100-110µg/l). However, this prolongation did not 
increase tj to a longer period than observed in con-
trol group.  
Time between broods (t
a
)
Average time between broods varied between 3,32 
d. – 3,67 d. and was not significantly influenced by 
dimethoate exposure, even though it was shortest 
for non-exposed specimens (see table 5). No trend 
as a function of dimethoate exposure was observed 
within the experiment.
 
Survival of juveniles (S
j
)
Dimethoate did not have a significant influence on 
survival of juveniles. One out of 15 juveniles died 
in the control and the groups exposed to 60 and 70 
µg. dimethoate*l-1 . No juvenile mortality was ob-
served at any other concentration (80 – 110 µg.)
Survival of adults (S
a
)
Significant differences between adult survival in 
controls and 70, 90 and 110 µg dimethoate*l-1 were 
observed (see table 5). In all three cases the dif-
ferences were due to a very high mortality in the 
control group (five out of 15 died in this group). 
No significant trend was observed among any other 
groups, indicating that dimethoate did not influen-
ce adult survival. 
Population growth rate (λ)
Dimethoate exposure in this experiment did not 
influence population growth in such a way that λ 
decreased below one, indicating that all D. magna 
populations were increasing in size at dimethoate 
exposures below 110 µg*l-1 (see fig 23). However, 
dimethoate seemed to have a negative impact on 
population growth at concentrations above 80 µg*l-1 
with a negative correlation between λ and dimet-
hoate exposures above 80 µg*l-1 but the decline in 
lambda were not significant.
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Fig 23 Population growth rate (λ) for D. magna exposed to 0-
110 µg/l dimethoate. There was a significant decrease λ, as a 
function of dimethoate exposure. Error bars indicate 95% CL.
A linear regression was fitted to data which show 
a steady declining tendency (80 µg*l-1 and above). 
Using this regression, it is possible to estimate a 
concentration that would be fatal for the population 
(see fig. 23). 
In this particular case y = -0,004x + 1,82 (R2 = 0,95). 
Solving for y =1 yields an x-value of 205 µg*l-1 indi-
cating that exposure to this and higher concentrati-
ons would be fatal for D. magna populations, under 
the experimental conditions used here. 
However, it is important to note that the 95% CLs 
indicate that none of the treatments are significan-
tly below controls.  
Elasticity and decomposition analysis
The elasticity analyses performed showed that 
Table 3.5 Life history traits (LHT) for D. magna exposed to dimethoate at concentrations between 0 – 110 µg/l ± SE. n = average number 
of juveniles pr. Brood, t
j
 = time to first reproduction, t
a
 = average time between broods, S
j
 = proportional survival of juveniles, S
a
 = propor-
tional survival of adults between broods. Statistical differences are shown as p-values. Numbers in parentheses specify concentrations that 
are significantly different from each other. 
LHT/conc. 0 60 70 80 90 100 110 p-value
n 35.03±1.42 29.64±2.54 33.35±2.31 36.52±2.39 29.56±2.58 27.58±3.20 24.60±1.63 0.024 (0-110)
t
j
 10.82±0.18 9.43±0.23 9.46±0.24 9.43±0.23 9.53±0.24 10.64±0.49 10.67±0.33 0.039 (0-60, 80)
t
a
 3.32±0.11 3.58±0.17 3.52±0.15 3.48±0.15 3.56±0.14 3.67±0.18 3.46±0.11 >0.05
S
j
 0.93±0.07 0.93±0.07 0.93±0.07 1.00±0.00 1.00±0.00 1.00±0.00 1.00±0.00 >0.05
S
a
 0.71±0.13 1.00±0.00 0.93±0.07 0.93±0.07 1.00±0.00 0.93±0.07 1.00±0.00 0.039 (0-70,90,110)
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λwas most sensitive to changes in t
j
 which is appro-
ximately three times as important any other trait. 
λ seemed to be relatively insensitive to changes in 
all other LHT. Furthermore the elasticity analyses 
showed that all LHT were generally unchanged as a 
function of dimethoate exposure (see fig. 24).
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Fig 24 Elasticity of λ in regard to the five different life history trai-
ts. λ is most sensitive to change in tj (time to first reproduction.
The relative importance of a 10% change, in LHT 
singly and in combination was estimated (see table 
6). In accordance with the elasticity analysis change 
in tj had the greatest impact on λ. The proportional 
influence on λ of any trait did not change as a func-
tion of dimethoate exposure. 
A 10% change in all traits resulted in a less than 10 
% change in λ at any concentration, indicating that 
λ is less sensitive to dimethoate exposure than any 
single LHT.
Table 6 Change in population growth rate (λ) as a function of 
10 % change in life history traits (LHT) singly and in combi-
nation. 
LHT/Conc. 0 60 70 80 90 100 110
n 0.013 0.015 0.015 0.015 0.014 0.013 0.012
tj 0.041 0.048 0.047 0.049 0.046 0.041 0.039
ta 0.004 0.006 0.005 0.004 0.006 0.005 0.006
Sj 0.013 0.015 0.015 0.015 0.014 0.013 0.012
Sa 0.004 0.005 0.004 0.004 0.005 0.004 0.005
all 0.070 0.084 0.082 0.084 0.081 0.072 0.088
 
Pirimicarb
Number of offspring (n)
The control group produced an average of 52.6 
offspring/adult during the 21d. experimental pe-
riod. The average number of juveniles produced pr. 
brood (n) in controls was 22.32 ± 2.19. D. magna in 
this experiment did not reproduce the required 60 
offspring according to the demands of the OECD 
guideline. 
Pirimicarb exposure did not have a significant 
effect on fecundity (n) (see table 7). However, 
pirimicarb seemed to influence the number of off-
spring in an increasing manner, especially at the 
lowest concentration (0.89 µg pirimicarb*l-1) which 
was elevated compared to the control.
Time to first reproduction (t
j
)
Time to first reproduction (t
j
) was not significan-
tly effected by pirimicarb exposure (see table 7). 
Only one out of 10 replicates were delayed in first 
reproduction in the highest concentration (2.22µg 
pirimicarb*l-1)
Time between broods (t
a
)
The shortest time between broods was obser-
ved at the lowest pirimicarb exposure (2.12µg 
pirimicarb*l-1) although it was not significant dif-
ferent from the control but only significant from 
pirimicarb exposure at 1.67µg pirimicarb*l-1.  The 
two other pirimicarb exposure concentrations (1.22 
and 2.22µg pirimicarb*l-1) were also significant lo-
wer than this concentration.
Survival of juveniles (S
j
) and adult survival (S
a
)
Pirimicarb did not have a significant influence on 
either juvenile or adult survival indicating that piri-
micarb did not influence survival at these concen-
trations.
Population growth rate (λ)
Pirimicarb exposure did not have any significant 
effect on the population growth rate since all 95% 
confidence limits did overlap. Furthermore no 
trends were observed and the λ-value varied from 
1.36 to 1.39 (see fig 25). 
Table 3.7 Life history traits (LHT) for D. magna exposed to pirimicarb at concentrations between 0 – 2.22 µg/l ± SE. n = average number 
of juveniles pr. Brood, t
j
 = time to first reproduction, t
a
 = average time between broods, S
j
 = proportional survival of juveniles, S
a
 = propor-
tional survival of adults between broods. Statistical differences are shown as p-values. Numbers in parentheses specify concentrations that 
are significantly different from each other.
LHT/conc. 0 0.89 1.22 1.67 2.22 p-value
n 22.32±2.19 33.13±2.98 29.78±2.40 23.00±3.76 28.14±4.20 >0.05
t
j
 12.00±0.00 12.00±0.00 12.00±0.00 12.00±0.00 12.22±0.21 >0.05
t
a
 2.36±0.03 2.12±0.09 2.24±0.05 2.58±0.11 2.27±0.06 >0.05
S
j
 1.00±0.00 0.80±0.13 0.90±0.10 1.00±0.00 0.90±0.10 >0.05
S
a
 1.00±0.00 1.00±0.00 1.00±0.00 0.90±0.10 1.00±0.00 >0.05
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Fig 25 Population growth rate (λ) for D. magna exposed to 0-2.2 
µg/l pirimicarb. Error bars indicate 95% CL.
Elasticity and decomposition analysis
The elasticity analyses performed in the pirimic-
arb experiment showed a similar result as the di-
metoate experiment. λ was also in this experiment 
most sensitive to changes in t
j
 and λ seemed to be 
relatively insensitive to changes in all other LHT. 
Furthermore the elasticity analyses also showed 
that all LHT were generally unchanged as a func-
tion of pirimicarb exposure (see fig. 26).
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Fig 26 Elasticity of λ in regard to the five different life history traits. 
λ is most sensitive to change in t
j 
(time to first reproduction).
The relative importance of a 10% change, in LHT 
singly and in combination was estimated (see table 
8). In accordance with the elasticity analysis change 
in tj had the greatest impact on λ. The proportional 
influence on λ of any trait did not change as a func-
tion of pirimicarb exposure. 
Table 8 Change in population growth rate (λ) as a function of 
10 % change in life history traits (LHT) singly and in combi-
nation. 
LHT/Conc. 0 0.89 1.22 1.67 2.22
n 0.010 0.010 0.010 0.010 0.010
tj 0.033 0.035 0.035 0.033 0.034
ta 0.006 0.006 0.006 0.005 0.006
Sj 0.010 0.010 0.010 0.010 0.010
Sa 0.009 0.009 0.009 0.007 0.009
all 0.064 0.068 0.067 0.061 0.065
A 10% change in all traits resulted in a less than 10 
% change in λ at any concentration, indicating that 
λ is less sensitive to pirimicarb exposure than any 
single LHT. 
3.8 Daphnia culture experiments
In the initial feeding experiment D. magna did not 
reproduce enough offspring to meet the guideline 
demands, when fed 0.1 or 0.2 mg. C*d-1. When fed 
0.3 mg. C*d-1 specimens managed to produced the 
required 60 offspring during the experimental pe-
riod. (see fig 27)
In the later feeding experiment all treatments pro-
duced at least 50% more offspring than required 
to meet the guideline demands. D. magna showed 
a reproductive trend similar to the one observed 
in the initial experiment, with specimens in diffe-
rent treatments producing a significantly different 
amount of offspring (p < 0.01 for all comparisons). 
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Fig. 27 Number of offspring as a function of nutrition added. Ex-
periments were conducted after an initial acclimatisation period 
and at the end of the experimental period. Error bars represent 
SE.
Specimens in the later experiment produced 3 and 
2.4 times as many offspring  as specimens in the 
initial experiment, for 0.1 and 0.3 mg. C*d-1 respec-
tively.
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4 Discussion
We conducted mixture toxicity studies with three 
different toxicants. All mixture experiments were 
conducted in accordance with the isobole method 
(Kortenkamp and Altenburger; 1998; Streibig et al.; 
1998). This means that data from all mixtures were 
fitted to the two-step Concentration Addition equa-
tions (Sørensen et al 2005). This procedure has 
certain implications for the interpretation of the 
results, which will be discussed in the following 
section. The first mixture to be addressed is that of 
the two insecticides which share a common mode 
of toxic action.
4.1 Dimethoate and pirimicarb
The mixture of dimethoate and pirimicarb showed 
an additive effect at both EC
50
 and EC
10
 level (see 
fig 16). Since both of these insecticides inhibit ace-
tylcholine esterase (AChE) (Lundebye et al.; 1997; 
Andersen and Dennison; 2004), and thus have the 
same mode of action, such an effect was expected 
(Bliss; 1939; Merino-Garcia et al.; 2003; Faust and 
Scholze; 2004). The results thus confirm the gene-
ral hypothesis of Concentration Addition. It is im-
portant to note that the regression analysis made 
with variable δ approximated the regression made 
with δ�= 1 as concentrations decline (δ�= 0.86 and δ 
= 0.97 for EC
50
 and EC
10
 respectively). This indica-
tes that the mixture effect approximates additivity 
at environmentally realistic concentrations, since 
these are well below the concentrations used in 
this study (Madsen et al.; 2001; Møhlenberg et al.; 
2004). 
Pirimicarb and LAS
The mixture of pirimicarb and linear alkylbenzene 
sulphonate (LAS) showed a slightly different pat-
tern than the dim-pir mixture, with regard to the 
relationship between high and low concentration 
exposures. At EC
50
 level the mixture elicited an ad-
ditive effect (p=0.21), when compared to the iso-
bole representing Loewe additivity (δ = 1), but at 
EC
10 
the effect was borderline antagonistic (p = 0.02 
– 0.14) (see fig. 17). These findings were contrary 
to the hypothesis, which stated that a synergistic ef-
fect might be expected due to LAS’s membrane da-
maging properties (Jacobi et al.; 1996; Bjerregaard; 
2001) (see introduction for further explanation). 
However since the two toxicants do not share the 
same mode of toxic action, comparison with a CA-
isobole might not be appropriate. We therefore 
compared the results with an IA-isobole in order 
to evaluate whether this comparison showed a dif-
ferent result (see fig 17). Comparison with this 
isobole (dashed line in diagram, fig 17) indicates 
that the effect seemed to be synergistic at the EC
50
-
level, since the IA-isobole is situated well above the 
isobole constructed from the mixture data in the 
diagram. (The two-step model does not allow a sta-
tistical comparison with IA, so this conclusion is 
based on visual interpretation).   
At low concentration (EC
10
) the mixture approxima-
tes the IA-isobole and the indication of a synergistic 
effect is thus reduced. This pattern might be due to 
the declining concentration of the individual toxi-
cants in the mixture. The expectation of synergistic 
interaction is based on a theoretical consideration 
regarding a facilitated uptake of pirimicarb due to 
membrane disruption capabilities of LAS (Jacobi 
et al.; 1996). The number of LAS molecules at the 
EC
10
-level, which can react with the cell membrane 
is much lower than at the EC
50
-level. Thus it is pos-
sible that disruption of the membranes is much 
less, resulting in less facilitated transport of piri-
micarb. 
Dimethoate and LAS
The mixture of dimethoate and LAS showed the 
same pattern as the binary mixture of pirimicarb 
and LAS at the EC
50
-level (see fig 18). The mixture 
effect can be characterized as showing Loewe ad-
ditivity or Bliss synergy (see introduction for defini-
tions), at both high and low exposure concentrati-
ons. Where mixture effects of pir-LAS approximate 
Bliss independence at EC
10
 (see fig 17), dim-LAS 
mixtures show a tendency toward synergy at both 
EC
50
 and EC
25
-levels. It is therefore likely that the 
EC
10
-level in the pir-LAS mixture is under the thres-
hold concentrations at which LAS influences the 
permeability of the plasma membrane to such a 
degree that uptake of the pesticide is facilitated. (As 
with the pir-LAS mixtures, these observations are 
based on a visual comparison, since no statistical 
comparison is possible). 
4.2 Choice of reference model 
for quantifying and  
predicting mixture effects
As the results mentioned above illustrates, syner-
gism/antagonism are commonly defined as a grea-
ter/lesser pharmacological effect of a drug combi-
nation than what would be expected from the effect 
of each drug individually, assuming that they did 
not interact with each other. Therefore definitions 
of synergism and antagonism critically depend 
upon the definition of “no interaction” (Greco et al.; 
1995).  
As showed above the quantification of the pir-LAS 
and dim-LAS mixture effects does thus depend 
on whether they are compared with Loewe additi-
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vity or Bliss independence as reference model. The 
IA-reference model might be the proper model to 
choose since both mixtures are made form toxican-
ts with dissimilar mode of action. 
The requirements of knowledge of “mode of ac-
tion” complicates the general use of the isobole 
method as a way of quantifying type of mixture ef-
fects, since mode of action is unknown for most 
toxicants that are important in an environmental 
risk assessment context. When determining the ef-
fect of a binary mixture it might thus be feasible to 
consider both reference models. 
The relationship between the two models depends 
on the slope of the DR-curves of the individual toxi-
cants. If the curves can be described with a logistic 
function, as is the case for many toxicants inclu-
ding those used in this study (see fig. 15 a, b and 
c),the relationship between CA isobole and IA iso-
boles, representing Loewe additivity and Bliss inde-
pendence respectively, as visualized in fig 28.
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Fig. 28 Normalized isoboles at the EC
50
-level, for the independent 
action model, Eq. 9, with various hill slopes (b), Eq. 16. The 
thick line represents the line of concentration addition (modified 
from Greco et al. 1995).  
This relationship illustrates that IA is more conser-
vative than CA, in regard to quantifying the mix-
ture effect as synergistic, when the slope of the in-
dividual DR-curves exceed 1.25. This relationship 
between single toxicants dose-response curves and 
mixture toxicity effects can be used to determine 
which reference model is the most conservative 
without interpreting the mixture toxicity data. 
However, the statistical isobole method can only be 
applied for binary mixtures. This means that the 
model is not appropriate for predictive risk assess-
ment, since environmentally realistic mixtures of-
ten consist of multiple toxicants. However the con-
cepts of CA and IA can also be used in a predictive 
way for determining the toxicity of complex mixtu-
res, and thus be incorporated into prospective risk 
assessment (Faust and Scholze 2004).
In the following section we discuss the predictive 
capability of the two reference models with respect 
to experimental data obtained from this study. 
Furthermore, we will compare our observations 
with other findings both with respect to binary 
mixtures and with respect to complex mixtures, in 
order to evaluate whether the reference models are 
suitable for predictions of environmentally realistic 
mixtures. 
As expected, the mixture toxicity of dimethoate and 
pirimicarb was predictable by CA (see fig. 19). The 
ratio between observed and predicted EC-values is 
1.1 and the predicted EC-values are thus indistin-
guishable to the experimentally determined EC-va-
lues (see table 3). Unexpectedly, however, the con-
cept of IA proved to be equally valid. Both concepts 
predicted virtually identical mixture toxicities and 
the ratio IA/CA was between 0.9-1.0 in the effect 
range 10 - 50% (see table 3). The explanation for 
this coherence is that the slope of the DR-curves 
must be close to 1.25 when normalized to each 
other.
Combinations of LAS and the two insecticides 
showed a similar trend to the pesticide mixtures 
(see fig 19).  The ratio between observed and pre-
dicted EC
50
-values is less than 1.3 and the ratio bet-
ween IA and CA is 0.8 and 1.1 for dimethoate/LAS 
and Pirimicarb/LAS respectively (see table 3). In 
accordance with the isobologram of the pirimicarb-
LAS mixture, the concept of CA overestimated the 
effect at the EC
10
-level. The ratio between IA and 
CA in this experiment was 1.5 (see table 3).   
The results of the ternary mixture show that EC-va-
lues predicted by CA were identical with the experi-
mentally determined EC-values. On the other hand 
IA underestimated the toxic effect by a factor 1.5 
and 1.9 at the EC
50
- and EC
10
-level respectively (see 
figure 19 and table 3). This result indicate that CA 
might not only be the most conservative but also 
the most accurate reference model for predicting 
toxicity of complex mixtures having both similar 
and dissimilar acting chemicals. This is important 
since environmental mixtures seldom consist of 
purely similar or dissimilar acting toxicants (US-
EPA; 1986). 
Literature studies
Several studies have applied both concepts in eva-
luating the predictability of mixture effects (Back-
haus, Altenburger et al.; 2000; Backhaus, Scholze 
et al.; 2000; Faust et al.; 2001; Backhaus et al.; 2003; 
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Faust et al.; 2003; Junghans et al.; 2003; Arrhenius 
et al.; 2004). The results indicate that IA produces 
accurate predictions of the effects of multi-com-
ponent mixtures composed of strictly dissimilarly 
acting toxicants. Under such conditions several 
authors found that CA generally overestimated the 
effects (Backhaus, Scholze et al.; 2000; Faust et al.; 
2003). However the CA/IA ratio did not exceed a 
factor of three in these experiments. 
In experiments with similarly acting toxicants the 
observed DR relationships were found to be in 
good agreement with CA predictions. IA predicti-
ons, however, underestimated the mixture effects 
by as much as a factor of four. (Backhaus, Alten-
burger et al.; 2000; Junghans et al.; 2003). Another 
disadvantage of IA for risk assessment is that the 
most common method of expressing experimental 
data (e.g. EC
50
, NOEC, LOEC) can not be used di-
rectly for IA predictions (Faust et al.; 2003).
Furthermore, the predictive power of CA has been 
evaluated on the basis of literature data on mixtu-
res of pesticides (Deneer; 2000). Only studies using 
aquatic species were included. The main criteria 
were that raw data of both mixture and single toxi-
city experiments should be available. This review 
found that 186 out of 202 mixtures (92%) were pre-
dictable by CA within a factor of two. Furthermore 
it was found that 90% of toxicants with dissimilar 
modes of action were predictable by CA. 6% of the 
mixture effects were underestimated by CA (De-
neer; 2000). 
4.3 What is mode of action?
We chose dimethoate and pirimicarb as test com-
pounds since they are both AChE inhibitors. But 
does the AChE inhibiting ability mean that they 
share the same mode of action? 
If the relative toxicity of the two insecticides is 
compared, it is obvious that pirimicarb is much 
more toxic than dimethoate (EC
50
: 17.61-20.28µg/l 
and 1.04-2.41mg/l for pirimicarb and dimethoate 
respectively).(Dimethoate and pirimicarb have 
molecular weights of 229.28 g/mol (EXTOXNET; 
1996) and 238 g/mol (Nielsen and Andersen; 2001) 
respectively). These results are in accordance with 
the findings of other authors. Kusk (1996) found 
that pirimicarb had a EC
50
-value of 21-24µg/l in D. 
magna and the American Environmental Protection 
Agency conducted a study in which the EC
50
 of pi-
rimicarb was determined to lie between 6.5-19µg/l 
(US-EPA 2000). Beusen and Neven (1989) found 
that the EC
50
 of dimethoate in D. magna was bet-
ween 0.80-1.50 mg/l, and another author found an 
EC
50
-value of 2.90 mg/l (Canton et al.; 1980). Since 
different clones of D. magna have been known to 
show large differences in sensitivity to insecticides 
our results seem to be in accordance with these 
other findings. 
Earlier studies have shown that elevated cytochro-
me P450 monooxygenase may increase the toxic ef-
fect of dimethoate (Frasco and Guilhermino; 2002; 
Anderson and Zhu; 2004). The reason for this in-
creased toxicity may possibly result from the oxi-
dative activation of dimethoate into the O-analog 
metabolite; omethoate, which is a more effective 
inhibitor of AChE (Frasco and Guilhermino; 2002; 
Anderson and Zhu; 2004).
The need for biotransformation of dimethoate 
(Pope; 1999) could explain the relative differences 
in the toxicity between pirimicarb and dimethoate. 
Another explanation for the different potency of 
the two insecticides might be due to the fact that 
the two insecticides belong to different classes of 
insecticides (organophosphate and carbamate for 
dimethoate and pirimicarb respectively). Different 
classes of AChE inhibitors typically bind to diffe-
rent receptor sites on the AChE molecule.
However, in a study exposing the insect Aphis gos-
sypii to pirimicarb and omethoate, Benting and 
Nauen (2004) found that the same mutation (seri-
ne substitution with phenylalanine at position 431 
in the amino acid sequence in AChE) leads to re-
sistance to the insecticides. These results indicate 
that the two compounds act within the same active 
site of the AChE molecule. However, even though 
the same mutation causes resistance to both in-
secticides, mutated A. gossypii was many fold less 
sensitive to pirimicarb than dimethoate, when the 
results were compared to the effects on a sensitive 
clone of A. gossypii without the mutation (wild type) 
(Benting and Nauen; 2004). It is therefore possible 
that different residues, besides the serine residue, 
may be involved in the inhibition mechanism of pi-
rimicarb and omethoate.
Is it feasible to talk about the same mode of action, 
with regard to defining mixture effects, for pesti-
cides that bind differently to target sites, and/or 
differ in potency? The theory of simple similar 
action, which has evolved into CA, was based on 
comparing mixtures with a “sham mixture” where 
a toxicant is mixed with a dilution of itself (Beren-
baum; 1989). Toxicants that act on different target 
sites do not mimic this kind of “sham mixture”. If 
mixtures have to meet this criterion in order to be 
characterized as being similar in action, then CA is 
an exception rather than the rule. 
On the other hand IA assumes that the toxicants 
work independently and thus do not influence 
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each others’ effect at all (Bliss; 1939). Under what 
circumstances is this scenario realistic? As Greco 
et al (1995) summarized, it is only realistic within 
very simple systems, such as ‘in vitro’ experiments 
with enzymatic processes. When applied to multi-
cellular organisms it is likely that a toxicant does 
influence the toxicity of others. The application of a 
toxicant does at least provoke a reallocation of me-
tabolic energy, which influences the capability to 
cope with another toxicant (Greco et al.; 1995).
Another aspect that complicates the classification of 
chemicals into similar or dissimilar acting, is that 
even for those toxicants with a known mode of ac-
tion (e.g. pesticides) it remains a question whether 
there are other modes of action, apart from the “de-
signed” effect and a common narcotic effect (Pope; 
1999). Dimethoate is one of the insecticides that is 
known to have several modes of action (Casida and 
Quistad; 2004). 
Studies with organophosphorus and carbamate 
insecticides have shown that these compounds 
can induce both necrotic cell death and apoptosis 
(Pena-Llopis et al.; 2003; Caughlan et al.; 2004; Kim 
et al.; 2004). Necrosis is an unregulated, passive 
process resulting from severe damage to the cell 
that includes loss of membrane integrity, swelling 
of the cytoplasm and mitochondria leading to cell 
rupture (Leist and Nicotera; 1997). Apoptosis (pro-
grammed cell death) is, in contrast to necrosis, a 
highly regulated, energy dependent process lea-
ding to morphological changes such as aggregation 
of nuclear chromatin and shrinkage of cytoplasm 
forming membrane bound vesicles (Hengartner; 
2000). Biochemically, apoptosis is associated with 
release of cytochrome c from mitochondria into 
the cytoplasm. Together with Apaf-1 (apoptosis-ac-
tivating factor 1) and ATP, cytochrome c activates 
a group of proteases called caspases that eventu-
ally activate a nuclease leading to fragmentation of 
DNA (Skulachev; 1998). These two “modes of de-
ath” are regulated by a complex process involving 
a large number of enzymes and intracellular mes-
sengers, and it has been suggested that apoptosis 
is a novel toxic endpoint of organophosphate insec-
ticides that could be independent of AChE inhibi-
tion (Caughlan et al.; 2004). 
The shift between apoptosis and necrosis is thought 
to be ATP-dependent because activation of the 
apoptotic pathway requires ATP. This is interesting 
because Hohreiter et al. (1991) found that both or-
ganophosphorus and carbamate insecticides cause 
inhibition of ATPase activity in fish species. Relati-
vely high concentrations of dimethoate (>1 mg/l) 
are needed to cause a significant decrease in the 
Na+-K+-ATPase activity of Poecilia reticulata gills 
(Frasco and Guilhermino; 2002) indicating that 
apoptosis occurs at lower concentrations and ne-
crosis at higher concentrations. Therefore the ad-
ditive effect of pirimicarb and dimethoate (see fig 
19) might be due to similar mode of action in rela-
tion to apoptosis or necrosis instead of inhibition 
of AChE.
As described in the introduction LAS disrupts plas-
ma membranes resulting in a change in calcium 
(Ca2+) homeostasis (Bjerregaard; 2001) and thus has 
a dissimilar mode of action compared to the two in-
secticides. However, it is well documented that an 
increase in the intracellular [Ca2+] can lead to release 
of cytochrome c from mitochondria into the cyto-
plasm (e.g. Denecker et al.; 2001). Cytochrome c is 
released through unspecific channels in the mito-
chondria called PTP (permeability transition pores). 
The opening of PTP are activated by several factors, 
including high concentration of Ca2+ in the matrix, 
low mitochondria inner membrane potential (ΔΨ
m
) 
and the presence of reactive oxygen species (ROS). 
The release of cytochrome c following pesticide ex-
posure is likely to be due to elevated concentrations 
of ROS, because dimethoate inhibits Glutathione 
S-transferase (GST) in a dose-dependent manner 
(Frasco and Guilhermino; 2002) and GST is known 
to play a key role in the detoxification and reduc-
tion of ROS (Pena-Llopis et al.; 2003). Dimethoate, 
pirimicarb and LAS may therefore exhibit the same 
“mode of action” and it is likely that shifts between 
”mode of action” are dose dependent. These obser-
vations could explain why CA provides good esti-
mates of the binary and ternary mixtures in this 
study (see fig 19)
However, determination of mode of action is 
furthermore complicated by the fact that the expo-
sure concentration under experimental conditions 
might differ from nominal concentrations. In this 
study, actual exposure concentrations of the three 
compounds were determined. The experiments 
(see fig. 20 and table 4) illustrate the importance 
of chemical analysis because the measured concen-
trations only account for 85%, 62% and 67% of the 
nominal EC
50
-value for dimethoate, pirimicarb and 
LAS respectively. 
However, even though the exact exposure concen-
tration is known it is also important to determine 
the actual uptake of the compounds. The external 
exposure concentration seldom equals the actual 
target site concentration (Binderup et al.; 2003). 
This relationship is relevant since possible interac-
tions between toxicants in a mixture might depend 
on target site concentrations rather than external 
exposure concentrations. Further studies are ne-
eded in order to quantify the relationship between 
external- and target site concentrations. 
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Yet another factor which complicates the use of 
mode of action for classifying different toxicants is 
that it may be inappropriate to talk about a specific 
mode of action of a toxicant, with regard to effects 
in complex ecosystems. Do two photosynthesis-in-
hibiting herbicides share a common mode of ac-
tion when working on all kinds of organisms? The 
answer to that question is “We don’t know for sure” 
since it is impossible to determine effects on such 
a large array of organisms as can be found in an 
ecosystem.
Furthermore, the selection of proper endpoint is 
also important in this regard. Cedergreen (2005) 
found that quantification of mixture toxicity was 
highly dependent on choice of endpoint in plants. 
They found that the effect of a herbicide mixture 
on Lemna minor appeared antagonistic or additive 
depending on whether one of two different growth 
endpoints was selected (Cedergreen; 2005). 
It thus seems that both CA and IA are theoretical 
extremes in a continuum in which realistic env-
ironmental mixtures lie somewhere in between the 
two.
4.4 The funnel hypothesis
Warne and Hawker (1995) found that non-additi-
ve interactions (synergistic and antagonistic) only 
dominated in mixtures with few toxicants.  They 
compared data from 104 mixture toxicity studies 
with 182 different narcotic chemicals and found 
that mixture toxicity approximated additivity with 
increasing numbers of toxicants. 
The authors used this review to illustrate their 
“Funnel Hypothesis”. This hypothesis is based 
on the critical volume hypothesis, which states 
that narcotic toxicity occurs when the volume of 
the toxicant in the cell membrane reaches a spe-
cific proportion of  the membrane’s total volume 
(Warne and Hawker; 1995). The Funnel hypothesis 
states that deviations from additivity decline as the 
number of toxicants in a mixture increases (see fi-
gure 29) (Warne and Hawker; 1995). 
Fig. 29 Illustration of the funnel hypothesis for narcotic toxi-
cants. When the number of toxicants in a mixture increases the 
mixture toxicity tends to approach the corrected Toxic Enhan-
cenment Index (cTEI) which is basically similar to CA=1. Devi-
ations from additivity are most commonly observed in mixtures 
with few toxicants (Warne and Hawker; 1995). 
The assumption of a proportional relationship bet-
ween additivity mixture toxicity and number of toxi-
cants makes intuitive sense. As the number of toxi-
cants increases the relative importance of a specific 
interaction decreases, and small synergistic and 
antagonistic deviations from additivity cancel each 
other out. However, if a specific type of interaction 
dominates the mixture it might lead to either a sy-
nergistic or antagonistic mixture effect, even for 
complex mixtures. Tørslev et al. (2002) suggest that 
if a specific toxicant represents 10% of a mixture, it 
might dominate the overall mixture toxicity. This is 
an important aspect of predicting mixture toxicity 
that should be addressed in future studies.
If the Funnel hypothesis holds true for specific ac-
ting toxicants as well as narcotic chemicals, it is an 
important argument in favour of the two reference 
models (CA and IA), since they are both based on 
the assumption that no interaction influence the 
mixture toxicity (Bliss; 1939). Warne (2003) argues 
that the funnel hypothesis holds true for organic-
organic, metal-metal and metal-organic mixtures. 
He based this argument on a review of 973 diffe-
rent mixtures, which could predominantly be de-
scribed as concentration additive.
4.5 Population dynamics
In addition to the acute 48h immobilization test 
we conducted a 21d reproduction test in order to 
evaluate the toxic effect of pirimicarb and dimet-
hoate at lower concentrations using more sensitive 
endpoints than immobilization. The reproduction 
assay can be characterized as a chronic test (Radix 
et al.; 2000) and the results from these experiments 
will be used to discuss the importance of endpoint 
selection.
 35
Modelling population response 
One of the primary goals of ecotoxicologists is to 
provide knowledge which can be used to estimate 
the impact of anthropogenic stressors on ecologi-
cal systems. One important aspect in this regard 
is to determine how the introduction of a stressor 
influences populations in ecosystems (Forbes et al.; 
2001).
 
We used an OECD standard test protocol which 
has reproduction as the primary endpoint (OECD; 
1998). Apart from measuring this endpoint we 
applied the population model of Calow and Sibly 
(1990) in order to estimate the effect of dimethoate 
and pirimicarb on population growth rate (λ). The 
population growth rate is a better measure of re-
sponses to toxicants than individual-level effects 
because it integrates potentially complex interac-
tions among life-history traits and provides more 
relevant measure of ecological impact (Forbes and 
Calow; 1999). (see introduction for further details) 
Population growth rate (λ)
As shown in figure 23 population growth rate 
showed a declining trend at dimethoate exposure 
concentrations above 80µg/l. However the decline 
was not statistically significant within the exposure 
range of this experiment. 
If λ drops below 1.0 the population starts to shrink 
and will eventually go extinct (Forbes et al.; 2001). 
By applying a linear regression to our population 
growth data, it is possible to extrapolate the con-
centration of the toxicant which will result in a � 
below one (Widarto et al.; 2004). We thus used the λ 
projection to extrapolate a threshold concentration 
at which D. magna populations would fail to per-
sist, under the given experimental conditions. This 
extrapolation indicated that a concentration equal 
to or greater than 205µg/l dimethoate would lead to 
population growth rates of one or less (see fig 23). 
Widarto et al. (2004) found that juvenile Dendroba-
ena octaedra did not survive at nonylphenol concen-
trations lower than those expected to cause popu-
lation extinction on the basis of an extrapolated λ� 
value. This stresses the importance of taking the 
different life history traits into consideration, when 
interpreting population response data.
Elasticity
One important feature of the two-stage model is 
that it allow for estimation of elasticity (Forbes et 
al.; 2001). In the dimethoate experiment it appears 
that elasticity of time to first reproduction (t
j
) has 
the largest numerical value (approximately 0.3). 
All other traits have a numerical value which is at 
least three times below that of t
j
 (see fig. 24). This 
indicates that � is most sensitive to changes in this 
particular life history trait. It is noteworthy that tj 
is three times as important for λ� as S
j
 which is the 
most common used endpoint in ecotoxicological 
studies (Forbes et al.; 2001). 
D. magna is a relatively short lived organism with a 
high reproductive rate (Hanazato; 2001). A prolon-
gation of time to maturity will have a great impact 
on the period in which it can reproduce, and thus 
on the overall reproductive output. This might be 
the reason why t
j
 has the highest numerical value. 
From this analysis it seems that it would be reaso-
nable to focus on the sensitivity of this particular 
endpoint in future studies of toxicants impact on 
D. magna populations. 
Figure 24 also reveals that sensitivity of λ to the indi-
vidual life history traits is independent of exposure 
concentration. This is important since it enables ex-
trapolation of the results to other ranges of exposure 
concentration, which might be important in relati-
ons to environmental realistic concentrations.
Decomposition
Finally, decomposition analyses were preformed in 
order to quantify the importance of the individual 
life history trait to λ (Forbes et al.; 2001). 
From table 6, which show a fractional change in 
λ as a result of a 10% change in the different life 
history traits alone and together, it appears that � 
is less sensitive than any of the traits alone or to-
gether. 
However it is important to perform decomposition 
analyses to identify the effects on the different trai-
ts and to determine the contribution of each trait 
to the total change in the population growth rate 
(Levin et al.; 1996). This information is valuable in 
future ecotoxicological investigations in order to 
choose the most important trait as endpoint. 
In the experiment with dimethoate we found that 
the most important life history trait in regard to 
changes in λ was t
j
. However t
j
 was not sensitive 
to dimethoate at the experimental concentrations. 
The only trait that changed significantly under the 
experimental conditions was fecundity. Since all 
other traits were unaffected by dimethoate, the ef-
fect on fecundity assembly accounts for the change 
in the population growth rate. 
The experiment with pirimicarb showed that the 
tested concentrations (0 – 2.22µg/l) did not have 
any statistically significant effect on population 
growth rate (see fig 25). Furthermore we did not ob-
serve any effects on the individual life-history traits 
(see table 7). Higher concentrations are therefore 
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needed to cause effects on λ under the given ex-
perimental conditions. The concentration interval 
was found on the basis of pilot experiments, which 
showed that higher concentrations of pirimicarb 
would lead to significant mortality within 21 days 
(data not shown). 
The elasticity analysis for pirimicarb showed the 
same pattern as for dimethoate even though the 
fecundity was must lower in the pirimicarb experi-
ment (see table 5 and 7).
The two-stage population model provides impor-
tant information on how toxicants impact popula-
tions by affecting individual organisms within the 
population.
Furthermore the acute 48h immobilization de-
mands relatively high concentrations of the tested 
toxicants compared to the chronic population mo-
del which will provide information at more realistic 
environmental concentrations.
Attempts have been made to test mixture effects 
at the population level using the two-stage model. 
(Jonker (2003) found that synergistic effects on 
reproduction in Caenorhabditis elegans exposed to 
cadmium and copper could be transferred to ef-
fects on population growth rate (�). Furthermore 
Jonker (2003) showed that the mixture affected 
C. elegans by prolonging the reproductive period. 
However the decomposition analysis showed that 
this effect did not influence λ. These results show 
that population dynamics models can provide use-
ful tools for exploring mixture toxicity.
4.6 Different Daphnia magna  
assays and endpoint  
selection 
Acute assays
The standard acute assay with immobilization as 
endpoint (OECD; 2000) was used in this mixture 
toxicity study. The immobilization endpoint is the 
most frequently used endpoint in D. magna tests 
(Hanazato; 2001) and is part of the standard test 
battery used in risk assessment (ECB; 2003). 
Apart from the immobilization test, we performed 
a new acute calorimetric assay with heat production 
as endpoint (see figure 21 and 22). In the following 
we will compare the results from the immobiliza-
tion test with the results of the calorimetric assay. 
The results of the calorimetric measurements show 
that D. magna exposed both to dimethoate and pi-
rimicarb show the same overall pattern. The heat 
production in both experiments initially increased 
to a higher level than the controls, and subsequent-
ly declined to levels below the controls.
The calorimetric method is based on the assump-
tion that the integrated sum of heat production in 
the organism is a measure of all energy transfor-
mations. This conversion of chemical energy to 
heat is referred to as metabolic rate. 
However, because dimethoate and pirimicarb both 
inhibit AChE we propose that the initial increase 
in heat production is due to the inhibition and fol-
lowing accumulation of acetylcholine in the synap-
ses. This accumulation will result in excessive bin-
ding to, and activation of, postsynaptic cholinergic 
receptors. This convulsion will most likely contri-
bute to the overall heat production. Visual observa-
tions of exposed D. magna confirm this conclusion 
(results not shown). We observed that D. magna, 
especially exposed to pirimicarb, was much more 
active (swimming faster) compared to the controls. 
But the increase in heat production could also be 
a result of detoxification mechanisms. Daphnids 
have been known to allocate extra energy towards 
escape activity when exposed to toxic stress, leaving 
less energy for growth and reproduction (Preston et 
al.; 1999). The decline in the heat production might 
be due to immobility (~dead), exhaustion of energy 
reserves and/or starvation. A decline was also ob-
served in the controls (fig 21-22) which might also 
be due to starvation since the experiment was con-
ducted without food.
In the immobilization test we measured the immo-
bility after 48h of exposure whereas the duration 
of the calorimetric measurements was only 24h. 
However, the results show that the EC
50
-value in the 
acute immobilization test (19.02µg/l and 2.29mg/l 
for pirimicarb and dimethoate respectively) is lo-
wer than the expected EC
50
-value (for immobility) 
in the calorimetric assay. After 24h the immobility 
was 96% for organisms exposed to 2 mg/l dimet-
hoate and 83% for organisms exposed to 20 µg/l 
pirimicarb. This could be due to the high number 
of juveniles in a relatively small amount of water 
(fifty juveniles/3.5 ml fresh water) 
Heat production could be very interesting endpoint 
especially at low concentrations. The experiment 
with the lowest concentration of pirimicarb (10µg/
l) showed that there was an elevated heat produ-
ction throughout the experiment compared to the 
control (see figure 21) and the immobility was only 
13% upon termination. Hence it is possible that 
heat production can be a very sensitive endpoint 
at even lower concentrations. However, further re-
search is needed to evaluate the consequences of 
such an elevation.
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Chronic assay
The test protocol for the chronic reproduction 
test requires that specimens in the control group 
produce no less than 60 juveniles during the ex-
perimental period (OECD; 1998). We conducted a 
bifactorial design (food level versus time) which 
indicated that this quality objective leaves room for 
large differences in fecundity between different la-
boratory cultures, since our results show that given 
the right acclimatisation period and food availabi-
lity, D. magna can produce >100 juveniles over a 
21d. period (see figure 27).
When the above-mentioned importance of energy 
allocation is taken into consideration this result 
suggests that different D. magna cultures might 
have a very different sensitivity to toxicants (Ense-
rink et al.; 1990). This might contribute to the dif-
ferences in EC
50
 values reported in the literature. 
4.7 Conclusions
We have shown that concentration addition allows 
very precise prediction of binary and ternary mix-
tures of pirimicarb, dimethoate and LAS. On the 
basis of these results and on the available litera-
ture it thus seems that CA is the most valid refe-
rence model from a scientific point of view since 
it predicts most complex mixtures of both similar- 
and dissimilar-acting toxicants rather accurately. 
Furthermore it is the more conservative of the two 
reference models and is thus preferable in a risk as-
sessment context. Therefore CA is recommended 
as a default reference model for predicting mixture 
toxicity effects based on single toxicity data. 
Our mixture toxicity experiments shows that it is 
very difficult to determine deviations from additivi-
ty, since choice of reference model is a necessity for 
this type of conclusion. The exact mode of action 
is seldom known in ecotoxicological studies, since 
precise mono-causal relationships are difficult to 
determine within the scientific boundaries of env-
ironmental biology.  
The demographic analysis demonstrated that the 
most important life history trait for the population 
growth rate (λ) is not necessarily the most sensitive 
to the toxicants.  In the dimethoate study we found 
that λ was most sensitive to time to first reproduc-
tion but dimethoate did only affect fecundity, which 
was one of the least important traits for affecting λ. 
This result illustrates that life history trait analyses 
can be very important in order to determine toxic 
effects on population-level. 
The calorimetric experiment revealed that the heat 
production increased following pesticide exposure. 
It is likely that lower concentrations of toxicants are 
needed to affect heat production than to immobili-
ze the specimens and the calorimetric assay might 
thus have a very sensitive endpoint. However the 
importance of this effect still needs to be clarified.  
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METHODS:
• In order to investigate single and mixture toxicity the OECD Daphnia sp. Acute immobilization test (OECD; 1998) was performed.
• Toxicity of three chemicals with similar and dissimilar modes of action were tested. Two insecticides (dimethoate and pirimicarb) with a similar 
 mode of action (inhibition of Acetylcholinesterase) and the detergent Linear Alkylbenzene Sulphonate (LAS) with a different mode of action 
 (interacts with the plasma membrane) were used for this purpose.
• Mixture toxicity experiments were conducted at isoeffective concentrations (fixed-ratio design based on individual EC50).
SINGLE SUBSTANCE TOXICITY:
Determination of EC50-values were done by fitting a four-parameter
logistic equation to single toxicity data:
DO THE MIXTURES WORK ADDITIVELY?
We applied a linear and a non-linear regression to our data, based on the
following equation, in order to test the hypothesis of additivity:
(Sørensen, Cedergreen et al.; accepted)
Where: Antagonistic effect: λ<1 Additive effect: λ=1 Synergistic effect: λ>1
IS MIXTURE TOXICITY PREDICTABLE ON THE
BASIS OF SINGLE SUBSTANCE DATA?
Concentration Addition (CA) and Independent Action (IA) for binary mixtures
are described by:
Described in: (Faust, Altenburger et al.; 2003)  
CONCLUSIONS:
• As expected the toxicity of the binary mixture with dimethoate
 pirimicarb did not deviate from additivity (Fig. A).
• Surprisingly, mixtures containing LAS also showed an additive effect 
 (Fig. B,C).
• The toxicity of the binary mixtures is equally predictable by both
 models, irrespective of mode of action (Fig. D,E and F).
Acknowledgements:
We wish to thank Nina Cedergreen, Jens Streibig and Helle Sørensen for inspiration, and for giving us the opportunity to use their two-step isobole model. Furthermore we wish to thank Peter Christiansen, Klara Jensen, Lykke Enøe 
and Jette Rank for assistance during the experimental period
References:
• Bliss, C. I. (1939). ”The toxicity of poisons applied jointly.” Annals Applied Biology 26:pp 585-615.
• Faust, M., R. Altenburger, T. Backhaus, H. Blanck et al. (2003). ”Joint algal toxicity of 16 dissimilarly acting chemicals is predictable by the concept of independent action.” Aquatic Toxicology 63.(1).pp 43-63.
• Faust, M. and M. Scholze (2004) ”Competing concepts for the prediction of Mixture toxicity: Do the difference matter for regulatory purposes?” BEAM-project, Wrokpackage.7 pp 64. European Commission. Bremen.
• Backhaus, T., R. Altenburger, A. Arrhenius, H. Blanck et al.(2003). ”The BEAM-project: prediction and assessment of mixture toxicities in the aquatic environment.” Continental Shelf Research 23.(17-19).pp 1757-1769
• Jacobi, H., G. Leier and I. Witte (1996). ”Correlation of the lipophilicity of xenobiotics with their synergistic effects of DNA synthesis in human fibroblasts.” Chemosphere 32.(7).pp 1251-1259.
• Sørensen, H., N. Cedergren, I. Skovgaard and J. C. Streibig (2005) ”An isobole-based statistical model and test for synergism/antagonism in binary mixture toxicity experiments.” (accepted in: Environmental and Ecological statistics)
d( )D 1
_
_____ + =
A
A
1
λ d( )D
_
_____
B
B
1
λ
ƒ(x) = c + –––––––––––––––––––––
d – c
1+exp{b(log(x) – log(e))}
Dimethoate (mg/I)
100
80
60
40
20
0
0
100
80
60
40
20
0
0
100
80
60
40
20
0
0 10 20 30 40 502 4 6 8 101 2 3
Im
m
ob
ili
za
tio
n 
(%
)
LAS (mg/I)
Im
m
ob
ili
za
tio
n 
(%
)
Pirimicarb(µg/I)
Im
m
ob
ili
za
tio
n 
(%
)
EC
E(c     )
c
+ += =_____1
x1
mix E(c  )1 –E(c  )2 E(c  )2·E(c  )1EC
1
c_____2
x2
CA: IA:
Pirimicarb (µg/l)
A λ = 0.86, P > 0.05
0
0 5 10 15 20
50
0
10
00
15
00
D
im
et
ho
at
e 
(µ
g/
l)
Dimethoate(mg/l)
C λ = 1.10, P > 0.05
0
0 5 10 15 20
3
2
1
4
5
LA
S
 (
m
g/
l)
Pirimicarb (µg/l)
B λ = 0.71, P > 0.05
0
0 5 10 15
10
00
20
00
30
00
40
00
LA
S
 (
µ
g/
l)
Concentration(µg/l)
Pirimicarb/Dimethoate
(Mixture ratio: 50:50)
CA
Exp data
IA
D
0 10 20 30 40 50
100
80
60
40
20
0
Im
m
ob
ili
za
ti
on
 (
%
)
Concentration(µg/l)
Pirimicarb/LAS
(Mixture ratio: 50:50)
CA
Exp data
IA
E
0 10 20 30 40 50
100
80
60
40
20
0
Im
m
ob
ili
za
ti
on
 (
%
)
Concentration(mg/l)
Dimethoate/LAS
(Mixture ratio: 50:50)
CA
Exp data
IA
F
0 1 2 3 4 5
100
80
60
40
20
0
Im
m
ob
ili
za
ti
on
 (
%
)
INTRODUCTION:
The ultimate goal for ecotoxicologists working with mixture toxicity, is to derive reliable predictions of mixture toxicity from existing knowledge of the toxicity of indivi-
dual toxicants (Faust and Scholze; 2004). It is generally accepted that the mechanistic reference models Concentration Addition (CA) and Independent Action (IA) 
(Bliss; 1939), which assume similar and dissimilar modes of actions, respectively, can predict the mixture toxicity from known effects of single substances (Backhaus, 
Altenburger et al.; 2003). CA and IA assume that toxicants do not interact. However, interactions could lead to under- or overestimations of the mixture effect by CA 
and IA. Substances that interact with plasma membranes are known to facilitate trans-membrane transport of hydrophobic substances and thus increase their toxicity, 
yielding a synergistic mixture toxicity (Jacobi, Leier et al.; 1996).
OBJECTIVES:
• We applied an advanced isobole-method to data from three binary mixtures in order to determine whether toxicity deviated from additivity.
• Furthermore we investigated whether the joint effects were predictable by CA and IA on the basis of single substance toxicity.
